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Introduction 
We use tools every day: A toothbrush to clean our teeth, a pen to write down 
a grocery list, a knife to cut our food, and so on. Such tools are so embedded in our daily 
routines that we do not think much about how we use them, let alone what skills are 
needed for using them. 
Now imagine a toddler trying to use a spoon for the first time. The child has to 
grasp the spoon, move it to the bowl of porridge, dip it into the porridge, then move 
the spoon to her mouth - while holding the spoon upright to prevent the porridge from 
falling off - and then put the spoon in her mouth. The mess around the chair and the 
food on the child’s face indicate that this is not an easy job! Tool use, in this example a 
spoon, requires planning and control of actions, while using information about the child 
herself (arm and mouth), the tool (spoon), and the environment (bowl) through 
proprioception and (visual) perception to guide actions (Cox & Smitsman, 2006a, 
2006b; Smitsman & Bongers, 2003). The development of tool use evolves from the 
same general underlying processes as other types of action control (Lockman, 2000). 
But the involvement of a tool makes the task more complex, in that the child has to 
discover how the relationship between herself and the task has changed. The child has 
to ﬁnd out what a tool can do as well as what actions should be performed to use it. 
Therefore, young children obtain tool-use skills after having achieved sensorimotor 
control of the hands and arms (e.g.,  McCarty, Clifton, & Collard, 1999; McCarty, Clifton, 
& Collard, 2001; Steenbergen, Van der Kamp, Smitsman, & Carson, 1997; Van Leeuwen, 
Smitsman, & Van Leeuwen, 1994). 
A low vision aid (LVA) is a valuable tool for children with visual impairment. In 
this introduction I will present the opportunities and challenges children with visual 
impairment face when introduced with an LVA. Next, I will discuss the role of motor 
development in LVA use. Finally, I will describe the population of children with visual 
impairment. 
 
Low Vision Aids 
The majority of LVAs aim to assist children with visual impairment by enlarging 
the size of the image. LVAs for children can be divided in optical magniﬁcation devices 
and electronic magniﬁcation devices, and in near-vision aids and distance-vision aids 
(Chapter 2). In this thesis, optical near-vision aids for the enhancement of vision at close 
range were used. The stand and dome magniﬁers are ‘hand-held’ optical magniﬁers for 
nearby vision that have to be navigated while resting on a surface. The magniﬁcation 
factor is therefore relatively stable and only influenced by the eye-to-lens distance. 
LVAs can support or improve visually impaired children’s independence. Although this 
claim is widely accepted in clinical practice, fundamental empirical research supporting 
it is rare. Furthermore, insight in the development of the relevant skills and abilities 
underlying adequate LVA use is largely lacking. 
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LVA use is essentially tool use and therefore entails similar opportunities and 
challenges, as illustrated with the following example. A child with visual impairment 
reads a book with the use of a magnifier. The child has to direct the magnifier to the 
first words on the page. She sees only a few characters at the time and must redirect 
the magnifier to process the letters that form a word, a process repeatedly occurring in 
reading (Beckmann & Legge, 1996). Displacement of the magnifier requires accurate 
movements of the hand that holds the magnifier. The distance between the magnifier 
and the eye is critical to achieve a good focus on the object. Thus, to perceive a sharp 
and stable image the child has to properly position her head and eyes, involving 
posture, oculomotor control, and accommodation. 
In both LVA use and tool use, an object (the aid or tool) is used to pursue a goal 
and actions are directed accordingly. More concretely, LVA use includes the planning 
and control of actions, combined with coordination of the arm, head, and eyes, and the 
tool (magnifier), and adapting this to the environment (the letters and their place on 
the page). This comprises both opportunities and challenges for the child. It evokes 
actions that were previously not possible and it introduces device handling aspects that 
were previously absent. These opportunities and challenges seldom are included in 
clinical practice or studied in scientific research. Professionals consider visual acuity, 
optimum magnification, acuity reserve, and contrast reserve (Alabdulkader & Leat, 
2010) as factors for prescribing low vision aids, but not consider the complex 
sensorimotor factors involved or the consequences of combining actions. Further, 
studies on the handling and use of low vision aids as well as an empirical and theoretical 
framework of the sensorimotor development of children with visual impairment are 
missing. 
The major difference between tool use and LVA use is captured by the LVA-
Child-Task system (Fig. 1). First, tool-use research has paid virtually no attention to tools 
for vision enhancement. It is not clear how they differ from other tools that enhance a 
user’s action possibilities (for an exception, see, Schellingerhout, Bongers, van 
Grinsven, Smitsman, & Van Galen, 2001). Second, tool use has been studied primarily 
in typically developing children, but LVAs are used by the visually impaired who form a 
heterogeneous group. Third, LVA use requires certain abilities, such as goal-direct 
movements and monocular viewing that have not been studied in relation to LVA use 
in children. Therefore, in order to improve LVA use in children with visual impairment, 
we should study important aspects of their perception-action development, such as 
hand dominance, eye dominance, and viewing behavior. To ascertain that we are 
providing an adequate LVA with realistic motor challenges related to its use, we need 
to be aware of the developmental trajectories of children with visual impairment and 
how they might differ from those of children with normal sight. This issue must be taken 
into account in research on LVA use in children with visual impairment, based on the 
framework presented. 
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Motor Development 
Goal-directed movements, such as reaching, grasping, and manipulating 
objects (tools or aids) involve complex interactions between perceptual and motor 
systems. The primary modalities for goal-directed movements include visual, 
proprioceptive, haptic, and vestibular subsystems. From a perception-action 
perspective, motor control emerges from ongoing interactions between child and 
environment (Bertenthal, 1998; Gibson & Pick, 2000; Smitsman & Corbetta, 2010; 
Thelen & Smith, 1994; Von Hofsten, 2003, 2004) on the basis of associations between 
perception and action subsystems that already are established in newborns (Von 
Hofsten, 1982, 2004). With development, action and perception subsystems become 
integrated, resulting in effective and adaptive motor behavior. In children with visual 
impairment, the interaction between child and environment is disrupted to some 
extent, as the child perceives less detailed visual information from the environment. 
Although this claim has not been examined explicitly in the literature, it is clear that 
children with visual impairment demonstrate poorer fine and gross motor skills, goal-
directed aiming, and postural control than children with normal vision (Bouchard & 
Tetreault, 2000; Brambring, 2001; Celeste, 2002; Haibach, Wagner, & Lieberman, 2014; 
Houwen, Visscher, Lemmink, & Hartman, 2008; Liebrand-Schurink et al., 2015; Reimer 
et al., 2016; Reimer, Cox, Boonstra, & Smits-Engelsman, 2008; Reimer, Cox, Boonstra, 
& Nijhhuis-van der Sanden, 2015; Reynell, 1978; Sleeuwenhoek, Boter, & Vermeer, 
1995). Few attempts have been made to uncover the nature of this poorer motor 
performance of children with visual impairment (e.g., Reimer et al., 2008). 
 
Analyses of Goal-directed Aiming Movements 
A well-established paradigm to study coordination of perception and action is 
the Fitts aiming task (Fitts, 1954). In this task, participants perform fast and accurate 
back-and-forth movements of the fingertip or a pointing stylus between two target 
areas. The speed and accuracy of the aiming movements depend on intact processing 
of visual and proprioceptive information and on precision constraints (movement 
amplitude and target width). The study of speed-accuracy trade-offs has been related 
to changes in the kinematics of movement trajectories (i.e., displacement, velocity, and 
acceleration over time or position) (Wijnants, Cox, Hasselman, Bosman, & Van Orden, 
2012). The efficiency of movements in Fitts aiming tasks has been analyzed in several 
earlier studies (e.g., Adam, 1992; Bootsma, Fernandez, & Mottet, 2004; Mottet & 
Bootsma, 1999; Wijnants et al., 2012), but is rather novel in visual impairment research. 
In the kinematics of rhythmical movements, the relative degree of harmonicity 
describes the physical recycling of kinetic energy in potential form, which acts as a 
biomechanical constraint on the speed-accuracy trade-off in cyclic movements 
(Wijnants et al., 2012). The harmonicity index provides a way to determine the 
efficiency of sensorimotor control: a more harmonic motion corresponds with a more 
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(energetically) efficient motor performance. In this thesis, it is reasoned that this 
measure provides insight in the sensorimotor control deficiencies of children with visual 
impairment and points at additional structural motor-control efficiency limitations that 
have resulted from a poorly integrated perception-action system. 
 
Development of Young Children with Visual Impairment 
Visual impairment (including severe and moderate visual impairment) is 
defined by the International Statistical Classification of Diseases and Related Health 
Problems (ICD-10) as having visual acuity in the best eye (with correction) less than 0.3 
(20/70), but better than or equal to 0.05 (20/400), and/or corresponding visual field 
loss to less than 20° (WHO, 2010). The population of children with visual impairment in 
the Netherlands is heterogeneous in terms of diagnoses (F. N. Boonstra, H. Limburg, et 
al., 2012). The first cause of visual impairment in the Netherlands over the period 1988-
2009 is Cerebral Visual Impairment (CVI), followed by albinism, nystagmus, congenital 
cataract, secondary optic atrophy, and hereditary optic atrophy, respectively. Many 
children with visual impairment have additional impairments: 52.2% have a mental 
impairment, 50.5% have a motor impairment, and 12.2% have a hearing impairment 
(Boonstra, Limburg, et al., 2012). 
In this thesis, children with additional motor and/or intellectual impairments 
were excluded, because of the high prevalence of additional impairments that might 
influence visual and/or motor functioning (Mervis, Boyle, & Yeargin-Allsopp, 2002; 
Sonksen & Dale, 2002). Children with CVI were also excluded because of the cerebral 
damage that is commonly accompanied by mental (97%) and motor impairments (97%) 
(Boonstra, Limburg, et al., 2012). In the studies of this thesis, children with visual 
impairment but without additional impairments were compared with children with 
normal vision, who were included if their visual acuity was at least 0.8 (20/25) (Köhler, 
1973). 
The participants in the studies of this thesis were 4-to-8 years old. In clinical 
practice, different LVAs are prescribed at various ages. However, prescriptions are not 
based on evidence but on “expert opinions.” Knowledge of the development of young 
children is not always applied in LVA prescription and a multidisciplinary approach often 
is not applied by those who prescribe low vision aids. The main reason for selecting the 
age group of this thesis was to advocate for the introduction of an LVA early in children’s 
lives, around the age of four. The following paragraph explains why. 
In the Netherlands, children start school at age four. Reading is introduced 
around age six. Children with visual impairment experience more problems with 
reading than children with normal sight (e.g. Fellenius, 1999; Gompel, Van Bon, 
Schreuder, & Adriaansen, 2002). Low vision aids are often prescribed when children 
with visual impairment start to experience difficulties at school, which is usually at age 
eight or nine. Learning to use an LVA enhances their burden even further. Older children 
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(attending secondary school, between 11 and 16 years) tend to reject an LVA, because 
they fear stigmatization (Mason, 1999). At this age or possibly earlier they start to use 
a mobile phone, tablet, or computer, which require fine motor skills. It can be expected 
that the earlier mastery of an aid (i.e., pre-school or pre-reading), whether magnifier, 
smart phone, or tablet, may help to prevent developmental delays. 
A few studies have shown that 4-year-old children can use an LVA (Boonstra, 
Cox, et al., 2012; Corn et al., 2002; Cox et al., 2009; Cox et al., 2007; Farmer & Morse, 
2007; Haddad, Sampaio, Oltrogge, Kara-José, & Betinjane, 2009). In one study, children 
with a developmental level of 2 years (based on items of the Reynell-Zinkin Mental 
Development Scale for Visually Impaired Children; Reynell, 1979) could successfully 
name or match pictures and small objects in a static magnifier task (Ritchie, Sonksen, & 
Gould, 1989). Four-to-eight year-old children with visual impairment were able to 
adequately identify Landolt-C symbols (Hohmann & Haase, 1982) with a dome 
magnifier (Huurneman et al., 2013). The magnifier used in that study was so large that 
displacement was not necessary. Their performance did not differ from children who 
used large print (Huurneman et al., 2013b). 
Children older than 3.5 years could successfully perform a dynamic trail-
following task in which they had to navigate a stand magnifier across a surface to follow 
a trail of symbols (Cox et al., 2009; Cox et al., 2007). The stand magnifier can only be 
used by applying a monocular view from directly above the magnifier with a restricted 
distance. In children with normal sight (6-14 years) and adults, binocular acuity is better 
than monocular acuity (Vedamurthy, Suttle, Alexander, & Asper, 2007), a phenomenon 
called binocular summation (Blake & Fox, 1973). Due to the development of visual 
acuity of the dominant eye, the binocular summation ratio decreases with age in 
normative development (Vedamurthy et al., 2007). Bharadwaj and Candy (2008) found 
a reduction of accommodative and vergence gain in children with normal sight until the 
age of 7 which may offer another explanation for the difficulties of young children with 
a monocular magnifier. Although there is considerable ambiguity regarding monocular 
compared to binocular viewing in young children with normal sight or children with 
visual impairment, in the trail-following task young children with a visual impairment 
(from the age of three) were able to adapt to the stand magnifier with monocular 
requirements (Cox et al., 2009;  Cox et al., 2007). 
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Thesis Outline 
The hiatus in the literature concerning LVA use in children with visual 
impairment has halted fundamental and applied progress in this field. In order to 
understand LVA use, we need to study motor, cognitive, and perceptual skills, visual 
factors, and their interactions. To do so, we need to include task requirements and LVA 
properties (Fig 1, Chapter 2). A broader perspective is required. In this thesis LVA use 
was approached from a perception-action perspective. 
In Chapter 2, a selected overview is presented of scientific knowledge of LVA 
use in children with visual impairment. Furthermore, a conceptual framework is 
presented of the complexity of LVA use in children. The goal of this framework was to 
serve as a guideline for the complexity of LVA use in children in future research. Thus, 
two main issues are addressed in this chapter: 
- The scientific knowledge of LVA use in children with visual impairment is scarce. 
Therefore, insights from research on tool use in children and LVA use in adults are 
discussed. 
- A framework was designed by taking an action perspective on LVA use and by applying 
insights from research on tool use in children and LVA use in adults. In this framework 
the child’s performance in a task with LVA is presented as an LVA-Child-Task system that 
is constrained by goal-related information, control-related information, and the 
(potential) LVA-task match. 
 
In Chapters 3, 4, and 5, the motor control aspects of LVA use were investigated 
in children with visual impairment, aged 4 to 8 years, and compared to children with 
normal vision. Several aspects of the LVA-Child-Task system (Chapter 2) were 
manipulated by studying goal-directed movements in a Fitts paradigm in relation to 
magnifier objects. 
Chapter 3 examined the performance and efficiency of goal-directed hand 
movement in visually impaired children with infantile nystagmus syndrome (INS) and 
children with normal vision. The study focused on the influence of vision and age-
related changes in children with INS. Group differences in speed-accuracy trade-offs of 
target visibility and target distance variations, potentially interacting with age, would 
provide insight into the sensorimotor control deficiencies of children with INS. 
Furthermore, the harmonicity index was used to indicate motor-control efficiency, in 
which a more harmonic motion corresponds to a more (energetically) efficient motor 
performance. Two hypotheses were confirmed: 
- Children with INS perform had less accurate, fast, and harmonic goal-directed 
movements than children with normal vision. 
- The improvement of performance with age was similar in children with INS and 
children with normal vision. 
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In Chapter 4, performance in terms of speed and accuracy with cylinder and 
dome-shaped objects was compared between young children with visual impairment 
and children with normal sight. The two shapes were selected because magnifiers in 
these shapes are most often prescribed to young children with visual impairment. Three 
main findings were: 
- Children with visual impairment made slower goal-directed movements with both the 
cylinder-shaped and the dome-shaped object than children with normal vision. 
- Among both children with visual impairment and children with normal sight, older 
children were more accurate and faster than younger children. 
- Among both children with visual impairment and children with normal vision 
performance with the dome-shaped object was faster (in 10-cm condition and 20-cm 
conditions with discrete movements) and more accurate (in the 20-cm condition) than 
with the stand-shaped object. 
 
In Chapter 5, I examined the developing efficiency of magnifier manipulation 
by children with visual impairment and children with normal sight. The key results were: 
- Harmonicity increased with age reflecting a general increase of motor efficiency with 
age. 
- The typical differences in the velocity profiles between discrete and cyclical movements 
as seen in adults were also found in children. 
- Children with visual impairment made less efficient movements than children with 
normal vision. 
- The results for the effect of object properties on goal-directed movements were 
ambiguous. On the one hand, children reached maximum velocity earlier (i.e., showed 
more symmetric velocity patterns) with the dome-like object than with the stand-like 
object. On the other hand, children demonstrated more harmonic motion (higher RSq 
and smaller POMV) with the stand-like object than with the dome-like object. 
 
In Chapter 6, the effectiveness and efficiency of magnifier use in children with 
visual impairment and children with normal vision was studied in an ecologically valid 
goal-directed perceptuomotor task. In this task, perceptual and motor skills were 
integrated, and children had to move the stand magnifier as quickly as possible to a 
small target symbol (Phase 1) and identify the symbol with the magnifier (Phase 2). The 
analyses revealed strategy differences between children with visual impairment and 
children with normal sight. The main findings were: 
- Children with visual impairment and children with normal vision performed the task 
with the magnifier equally effectively. 
- In Phase 1, which primarily involved goal-directed arm movements, there were no 
differences between children with visual impairment and children with normal vision. 
- In Phase 2, which primarily involved identification of a symbol with a magnifier, 
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children with visual impairment need less time to identify the symbol than children with 
normal vision. 
- In Phase 2, both within-subject and between-subject variability in viewing distance 
were smaller in the visually impaired group than in the normally sighted group. In the 
visually impaired group, a larger viewing distance was associated with shorter 
identification time, which in turn was associated with higher accuracy. In the normally 
sighted group, a faster movement with the magnifier and a faster identification were 
associated with increasing age. 
 
In Chapter 7, the general discussion, the findings of this thesis are revisited in 
light of the conceptual framework presented in Chapter 2. The findings are discussed in 
light of the associations among the LVA, child, and task. Suggestions for clinical practice 
and future research are discussed as well. 
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Abstract 
It is a widely accepted belief in clinical practice that children with a visual impairment 
can proﬁt from the use of a low vision aid (LVA). However, we found a considerable gap 
in our scientiﬁc understanding of LVA use, particularly in young children. This is the 
reason for the analysis presented in this paper. A selected overview of LVA use in adults 
is given, from which valuable insights are taken. Additionally, an action perspective for 
analysing LVA use is discussed as well as the results of tool-use studies in children. 
Mainly based on these three ingredients, we developed a conceptual framework for 
LVA use. The framework consists of three interacting relations between LVA, child and 
task. Performance of a particular child on a speciﬁc task with a certain LVA is 
constrained by the following three reciprocal and dynamic relations: the Child-to-Task 
relation (related to goal-information), the Child-to-LVA relation (related to control-
information), and the LVA-to-Task relation (related to topology information). 
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Introduction 
A low vision aid (LVA), such as a magniﬁer or telescope, can support people 
with visual impairment with activities at work or school and in daily life. These activities 
are as diverse as looking through a magazine, reading a text, manoeuvring through a 
busy street, and recognizing a speciﬁc person in a crowd. Furthermore, LVAs can 
promote or increase their independence. It is a widely accepted belief in clinical practice 
that children with a visual impairment can proﬁt from the use of a LVA. Fundamental 
empirical research supporting this latter claim is sparse, however. In addition, insight in 
the development of the relevant skills and abilities underlying proﬁcient use of a LVA is 
largely lacking. Generally, these aids are prescribed when children start experiencing 
visual difﬁculties at school, which is usually around the age of 8 or 9. More often than 
not, learning to use a LVA at that age turns out to be too demanding for a child. This is 
the period when several novel academic skills, in particular reading and writing, have 
to be mastered as well. Children with visual impairment already have difﬁculties with 
reading (e.g. Fellenius, 1999; Gompel, Van Bon, Schreuder, & Adriaansen, 2002). Not 
only does the process of learning to use a LVA stretch the load on them further, it is to 
be expected that an earlier (i.e. pre-school) mastering of an aid will be beneﬁcial in at 
least partly preventing developmental delays. An additional factor is that at this age 
children tend to reject the use of a LVA, because they are afraid of stigmatizing (Mason, 
1999). Earlier acquaintance with it might perhaps also overcome these problems.  
So, a solution to the problems outlined above would be to introduce LVAs 
earlier in life, when younger children still may display no aversion to them and can 
adapt to their use before they start to learn to read. This solution has been 
recommended before (Carvalho, Miniguini, Filho, & Kara-José, 1998; Cox et al., 2007, 
2009; Leat & Karadsheh, 1991), but there is little research reported that investigates 
the effectiveness of low vision aids in young children and its relation to a child’s 
development in various domains. Due to the increasing prevalence of low vision with 
age (Grey, Burns-Cox, & Hughes, 1989), the majority of LVA research has focused on the 
adult and elderly visually impaired population. Regrettably, this has left a considerable 
gap with respect to our understanding of LVA use in children, and the speciﬁc problems 
and challenges this particular group encounters when trying to deploy such an 
instrument in a task-speciﬁc way. Moreover, to date it is largely unclear which type of 
LVA ﬁts best to children of which age, and how this relates to their particular low-vision 
proﬁle and possible other disabilities (comorbidity).  
In this essay we will present both a selected overview of contemporary 
scientiﬁc knowledge as well as a fundamental and systematic analysis of LVA use in 
visually impaired children. In the ﬁrst part, some preliminary facts about visually 
impairment and LVAs will be given, such as their types and prevalence. After that, a 
brief review will be given of the research on adult LVA use, emphasizing potential 
lessons that can be learned with respect to LVA use in children. In the third part, we will 
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develop and elaborate on a conceptual framework for LVA use in visually impaired 
children. Finally, we will conclude with some practical analyses and directions for future 
research. 
 
Preliminaries 
 
Deﬁnitions and Prevalence of Visual Impairment in Children 
In this section the 10th edition of the International statistical Classiﬁcation of 
Diseases and related health problems (ICD10) will be used as a guideline to introduce 
visual impairment. The ICD-10 is formulated under auspices of the World Health 
Organization, and just recently updated and revised the deﬁnitions about visual 
impairment in 2010 (WHO, 2010).  
A child has low vision if his/her visual acuity in the best eye (with correction) is 
less than 0.3 but better than or equal to 0.05, and/or has a corresponding visualﬁeld 
loss to less than 20 degrees (see categories 1 and 2 of Table1. A visual acuity of 0.3 
refers to the ability to discern a symbol at 6 meters (20 feet), which a normative 
(average) observer would be able to discern at 20 meters (67 feet). In the so called 
Snellen notation this is presented as either 6/20 (metric) or 20/67 (imperial). 
Accordingly, normative vision reﬂects a visual acuity of 1, corresponding to 6/6 or 20/20 
vision. Blindness is deﬁned as a visual acuity of less than 0.05 (i.e. 6/120 or 20/400), 
and/or a corresponding visual ﬁeld loss to less than 10 degrees (see categories 3, 4 and 
5 of Table 1. 
Visual acuity in children is measured with a test especially designed for the 
younger age groups. The most prominent and widely-used example is the LH-test 
(Hyvärinen & Lindstedt, 1981; Hyvärinen, Näsänen, & Laurinen, 1980), which can be 
considered the international standard in the ﬁeld. In this test, which is administered at 
a ﬁxed distance of 40cm, children as young as three years have to discern and name 
small symbols that are pointed out on a test chart. The symbols come from a set of four 
standardized optotypes: apple, circle, house and square. The test chart displays several 
lines, each containing optotypes of one particular size. Each line represents a so called 
M-value, where the angular size of the optotypes changes by a factor of 0.1 log units at 
each step. This makes the M-value a logMAR visual-acuity scale, based on the Minimum 
Angle of Resolution needed to identify the elements of a distinct optotype (Kanski, 
2007).  
The global prevalence of blindness in children is estimated to be 0.8 per 1000 
children (Gilbert & Foster, 2001). In Europe, the prevalence is reported as 0.3 per 1000 
children (Gilbert, Rahi, & Quinn, 2003). In 2005, the prevalence of blindness (visual 
acuity < 0.05) in children (0–14 years) in the Netherlands was estimated at 0.3/1000 
and the prevalence of visual impairment (visual acuity between 0.3 and 0.05) at 
0.6/1000 (Limburg, 2007). In 2009, the prevalence of visual impairment in children in 
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the Netherlands in the age group between 0 and 15 years was estimated to be 0.9 per 
1000 based on data from Scandinavian blindness registers, extrapolated to the 
corresponding age groups in the Dutch population (Blohmé & Tornqvist, 1997; Limburg, 
2007; Riise et al., 1992). Prevalence of visual impairment increases exponential with 
age. In the Netherlands for example, in 55–64-year olds prevalence is 0.1%, while in 
people older than 85 years prevalence is 11.8% (Grey et al., 1989). The increasing 
prevalence of low vision with age explains why the majority of research has focused on 
LVA use in visually impaired adults and elderly. 
 
Causes and Types of Visual Impairment in Children 
Cerebral visual impairment is an important cause of visual impairment in 
children (Durnian et al., 2010: 27% in the visual impaired population; Rahi & Cable, 
2003: 48%, Rosenberg et al., 1996: 45%). Retinal disorders cause visual impairment in 
about 30% of the visual impaired (Durnian et al., 2010; Rahi & Cable, 2003): The 
majority of retinal diseases is supposed to have a genetic origin (Blohmé & Tornqvist, 
1997). The consequences for everyday life are concentric impairment of visual ﬁeld 
defects and problems with ﬁxation and following (cerebral visual impairment), 
progressive loss of visual acuity, night blindness, visual ﬁeld constriction and color 
blindness (in retinal disease such as retinitis pigmentosa) and low visual acuity (for 
instance in retinal disease, albinism and nystagmus). 
Nystagmus is a repetitive, involuntary oscillation of the eyes and may be a 
symptom in for instance neurological disease or in congenital causes of impaired vision 
(congenital cataract, albinism) (Taylor, 1997). Nystagmus can be inherited without 
additional ophthalmological disorders. This is called congenital nystagmus (Taylor, 
1997). A large group of visually impaired children show additional impairments, such as 
mental, hearing or mobility impairment (Blohmé & Tornqvist, 1997: 60%, Riise, 1992: 
33–50%, Bodeau-Livinec et al., 2007: 55% VI; 77% Severely VI/Blind).  
As a concluding remark, we note that the kind of visual problems a particular 
child demonstrates has consequences for the type of LVA that should be prescribed. 
The type of LVA that best ﬁts the child’s individual needs might, amongst other things, 
be related to the age at which the symptoms ﬁrst appear, the severity and the type of 
symptoms, and the presence of additional impairments. 
 
Overview of Low-Vision Aids 
The majority of LVAs, particularly those devices relevant in this article, aim to 
assist the visually impaired person by improving the size of the image. Generally, there 
is a trade-off between magniﬁcation factor (i.e. angular character size) and window size 
(i.e. number of characters visible in the ﬁeld of view) of the LVA. When the 
magniﬁcation factor is high, (useful) window size is often small (Beckmann & Legge, 
1996), due to the optical properties of the lenses and the physical limitations of the 
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materials.  
Optical magniﬁcation is sometimes expressed as a dimensionless number, 
when it describes the increase in size of an image produced by an optical system 
compared to the true size of an object. Dioptre is a measure that describes the 
magniﬁcation power of a lens: dioptre is the amount of power in a lens needed to focus 
parallel light at one meter (Kanski, 2007). Furthermore, Bullimore and Bailey (1989) 
suggested a measure of equivalent viewing distance (EVD) as the most appropriate way 
to represent magniﬁcation.The EVD is the distance at which the object would subtend 
an angle that is equal to the angle that the image subtend at the eye. Because, children 
have the ability to accommodate far better than adults (Taylor, 1997), EVD proves to 
be the ideal measure for magniﬁcation in children. 
 
Table 1 Visual impairment categories as a function of visual acuity (based on ICD-10 classiﬁcation; 
WHO, 2010). 
Category Visual acuity range 
Mild or no visual impairment ≥ 0.3 
Moderate visual impairment < 0.3 and ≥ 0.1 
Severe visual impairment < 0.1 and  ≤ 0.05 
Blindness < 0.05 and  ≤ 0.02 
Blindness ≤ 0.02 or light perception 
Blindness No light perception 
  
LVAs can be distinguished between optical magniﬁcation devices and 
electronic magniﬁcation devices, and between near-vision aids and distance-vision aids 
(Table 2). Near-vision aids are used when enhancement of the vision is needed for tasks 
at close range, whereas distance-vision aids are for problems with vision further away. 
Optical near-vision aids include stand magniﬁers, dome magniﬁers, and hand-held 
magniﬁers. A hand-held magniﬁer consists of a magnifying lens mounted in a lens 
holder with handgrip. With a hand-held magniﬁer the magniﬁcation factor can be 
manipulated by changing the distance between the lens and the object, as well as by 
changing the distance between the eye and the lens (Lee & Cho, 2007). Stand and dome 
magniﬁers are also ‘hand-controlled’ optical magniﬁers for nearby vision, but they have 
to be navigated while resting on a surface. The magniﬁcation factor, therefore, is more 
stable, and is only inﬂuenced by the eye-to-lens distance. Dome magniﬁers are very 
easy to use, but 1.8x is the only magniﬁcation factor available. Stand magniﬁers offer a 
stable image and can offer high magniﬁcation (range from 4 to 40 dioptres).  
Distance-vision optical aids include hand-held monocular telescope, hand-held 
binocular telescope and eye glass mounted telescopes (Greene, Beadles, & Pekar, 
1992). Eyeglass-mounted telescopes require no hand coordination and control. 
However, one of the major disadvantages of these telescopes is the small visual ﬁeld, 
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caused by the ﬁeld of ﬁxation that is restricted by the exit pupil of the telescope. The 
BiOptic telescope is a eyeglass-mounted telescope, designed to perform routine 
mobility tasks while enjoying full visual ﬁeld. It consists of a tiny telescope that is 
mounted in the upper portion of the spectacles lens. In the adult population, 
BiOptictelescopes are advised for driving a car (Verezen & Jose, 2004). Therefore, 
usefulness for children might be questionable. Hand-held telescopes have to be 
positioned directly in front of the eye. They either have a ﬁxed focus distance or a 
variable focus. The variable focus devices are controlled by manual adjusting the 
distance between objective, lens and eyepiece. Problems with manipulating the focus 
in hand-held telescopic devices resulted in the development of a telescope with 
autofocus (Greene et al., 1992). Electronic low vision devices are called Electronic Vision 
Enhancement Systems or EVES for short (Wolffsohn & Peterson, 2003). EVES can be 
stand-mounted, head-mounted, hand-held or mouse-operated. In general, they include 
a videocamera, a monitor, illumination and for the stand-mounted EVES an additional 
XY-table for positioning books, etc.  
Electronic devices have multiple advantages over optical devices: larger ﬁeld 
of view, the most comfortable viewing distances, and the highest magniﬁcation. Often 
also brightness, contrast, and colors can be adapted manually. On the other hand, the 
numerous possibilities that the devices offer, may be experienced as difﬁcult. 
Furthermore, electronic devices to date are more expensive than optical devices. The 
stand-mounted EVES is a device that electronically magniﬁes objects and is frequently 
used for enhancement of books with either print or text. The book has to be placed on 
the controllable surface. A magniﬁcation of the book is shown on a television screen. 
Advantages of the stand-mounted EVES are the large screen and magniﬁcation factor. 
A major disadvantage of the device is the relative difﬁcult manipulation, which lies in 
the fact that the observer needs to move the object in the opposite direction. If the 
observer wants to see something that is more right on the screen, he or she has to move 
the surface with the object to the left. More portable options are the hand-held and 
mouseoperated EVES, which are designed for bringing the camera to the object to be 
viewed. The hand-held devices are often on rollers, which make them easier to move 
across a ﬂat working surface. With mouse-operated electronic magniﬁers a computer 
mouse with a camera records the image, which will then be shown on a computer 
screen. Hand-held and mouseoperated devices require coordination and control of the 
hand. However, manipulation between object and image are coupled in a direct way. 
Head-mounted EVES includes a camera that is placed on a headset. The image recorded 
by the camera is electronically enhanced and than projected in front of the person. The 
head-mounted EVES can be used for nearby as well as distance perception.  
Thus, a wide variety of LVAs can be used. However, until recently prescription 
and use of these aids in visually impaired children was low (Haddad, Sampaio, Oltrogge, 
Kara-José, & Betinjane, 2009: 0% ownership; Lennon, Harper, Biswas, & Lloyd, 2007: 
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53% ownership; Rudduck, Corcoran, & Davies, 2004: 25% ownership and 5% usage). 
Fortunately, some projects have been initiated to increase the use of LVA (Corn et al., 
2002; Haddad et al., 2009; Lennon et al., 2007; Rudduck et al., 2004). However, they 
presented little information about the type of LVA used, especially in relation to the 
kind of impairment. Furthermore, the majority of children receive these services rather 
late (Leat, 2002). The following section presents a terse overview of the scientiﬁc 
knowledge on LVA use in the adult population. The results of this research will assist us 
in coherently and systematically unravelling the factors that determine proﬁcient LVA 
use. In the section after that, with the insights from adult LVA use and some additional 
concepts, we will introduce a conceptual framework for LVA use, focussing on visually 
impaired children. 
 
Table 2 Low vision aids categorized in near, distance, optical and electronic aids. 
 Near-vision aids  Distance-vision aids 
Optical aids Stand magniﬁer                       
Dome magniﬁer                       
Hand-held magnifier 
Hand-held monocular telescope 
Hand-held binocular telescope 
Eyeglass-mounted telescopes 
Electronic aids Stand mounted EVES             
Head-mounted EVES              
Hand-held EVES                   
Mouse-Operated EVES 
Head-mounted EVES 
 
Synopsis of LVA Research in Adults 
Research on LVA use in adults has focussed primarily on reading (e.g. Ahn & 
Legge, 1995; Bowers, 2000; Dickinson & Shim, 2007). Performance of the aid was 
measured in terms of reading speed. The subjects had to read a text with or without 
the use of a LVA. To this end, standardised reading tests were used such as the 
Minnesota Low-vision Reading Test (Ahn & Legge, 1995), the Neale Analysis of Reading 
Ability—Revised British Edition, and the New Reading Analysis (Bowers, 2000), as well 
as text passages with speciﬁc readability grades according to the Flesch-Kincaid scale 
(Dickinson & Shim, 2007).  
Overall, researchers found lower reading speeds for reading with a LVA 
compared to reading without a LVA in normally sighted adults (Bowers, 2000), normally 
sighted older adults (Dickinson & Shim, 2007), and adults with low vision (Ahn & 
Legge,1995). Moreover, in visually impaired adults the type of LVA seems to predict 
closely the level of performance in terms of reading speed (Ahn & Legge, 1995), but in 
normally sighted adults the type of magniﬁer seem to have no effect on reading speed 
(Bowers, 2000; Dickinson & Shim, 2007). Visually impaired subjects in the spectacle-
mounted magniﬁer group demonstrated the highest reading speed, followed by the 
hand-held magniﬁer, the CCTV and ﬁnally the stand magniﬁer group (Ahn & Legge, 
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1995).  
Reading with a LVA entails perceptual aspects as well as motor aspects: 
processing visual information and manually directing the magniﬁer over the text, at the 
same time (Beckmann & Legge, 1996). Part of the visual information is for controlling 
the LVA, whereas the other part is directly related to reading and understanding the 
text. The reader sees only a few characters at a time, and must direct the magniﬁer 
from word to word. This is called the page navigation problem. The page navigation 
problem occurs with handheld magniﬁers as well as with EVES (Beckmann & Legge, 
1996; Bowers, Cheong, & Lovie-Kitchin, 2007). 
Accordingly, the optical and physical characteristics of different magniﬁers, 
such as window size, magniﬁcation factor, and control requirements, put different 
demands on the user in speciﬁc tasks. Speciﬁcally window size affects reading speed 
while reading with and without navigation, in individuals with normal vision (Legge, 
Pelli, Rubin, & Schleske, 1985) and low vision (Fine & Peli, 1996; Legge, Rubin, Pelli, & 
Schleske, 1985). In the without navigation test individuals read text while it is 
automatically drifted across a display screen so that manual navigation is not required. 
Window size requirements for reading with page navigation were even higher than 
those for reading without page navigation (Beckmann & Legge, 1996). This indicates 
that the amount of information about (intended) movement direction that is available 
is critical for proﬁcient LVA use. 
Aspects of oculomotor control have also been studied in normally sighted 
(Bowers, 2000) and low vision participants (Bowers, Lovie-Kithin, & Woods, 2001), 
during task performance with a LVA. During reading the eyes either ﬁxate on a target 
or move between two interesting targets, where these two oculomotor modes 
constantly alternate. The eyes ﬁxate in order to extract information during periods of 
200–250ms, and then move quickly to bring a new piece of text into the central visual 
ﬁeld. This jump is called a saccade, with a median duration of 20–35ms (Rayner & 
Pollatsek, 1989). The percentage of regressive saccades was lower with the low-vision 
aid for visually impaired as well as for normally sighted adults (Bowers, 2000; Bowers 
et al., 2001). When normally sighted adults read with a LVA compared to reading 
without a LVA, the time for retrace to the next line increased. These ﬁndings suggest 
that the reduction in reading speed that occurred when using magniﬁers was primarily 
the result of problems with the movement from the last word of a line to the ﬁrst word 
of the next line (Bowers, 2000; Bowers et al., 2001).  
Finally, personal factors that affect LVA performance, such as motor, cognitive 
or perceptual skills differ between individuals. A study with older normally sighted 
adults examined the inﬂuence of manual dexterity on reading speed with a low vision 
aid (Dickinson & Shim, 2007). Results demonstrate that poor manual dexterity, 
measured with the Jebsen-Taylor test and ﬁnger-nose test, relates to reading speed 
with a magniﬁer. Furthermore, reading rate in visually impaired adults depends largely 
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on the kind of impairment. Visually impaired adults with central-ﬁeld loss read very 
slowly (median 25 words/minute), while visually impaired adults with intact central-
ﬁeld read at least 90 words/minute (median 130 words/ minute) (Legge, Rubin et al., 
1985). 
 
 A Conceptual Framework for LVA Use in Visually Impaired Children 
Following empirical results and theorizing in tool use and insights from the 
research on LVA use in adults, as will be discussed below, we will here deﬁne the 
interrelated system of child, LVA, and task as the central unit of investigation in LVA use 
(see Fig. 1). More speciﬁcally, we suggest that performance of a child in a task with a 
LVA is constrained by the Child-to-LVA relation, the LVA-to-Task relation and the Child-
to-Task relation. These relations are reciprocal and dynamic, in ways that will become 
clear in what follows.  
 
Figure 1 A schematic representation of the interrelated system of child, low vision aid (LVA), and 
task, which together deﬁne LVA use and performance. The three relations constrain a child’s 
performance in a task with LVA, by means of goal-related information, control-related 
information, and the (potential) 
 
In the remainder of this section we will sketch the general outline of a 
conceptual framework for LVA use in children (which will also be applicable to adults). 
The proposed framework should guide future scientiﬁc and clinical thinking about LVA 
use and will help to direct empirical investigation of LVA use and learning thereof, 
invisually impaired children. We will ground the framework on three main elements: 
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(1) by applying knowledge from adult LVA use, (2) by taking an action perspective on 
LVA use, and (3) by applying insights from research on tool use in children. These 
elements will be introduced and elaborated on ﬁrst. Following that, the framework will 
be explicated with (additional) empirical evidence from research on children’s LVA use 
and by means of task analyses of concrete LVA use situations. 
 
Insights from Adult LVA Use 
Two important observations can be made from the collective research on LVA 
use in adults as discussed in the previous section. We believe these observations to be 
both general, in the sense that they hold beyond a single speciﬁc (experimental) setting 
and age group, and prospective, in the sense that current ﬁndings warrant further 
theoretical and empirical investigation along that particular route. We present them 
here in light of the goal of this paper, which is to formalize a conceptual framework for 
LVA use and learning to use LVAs in visually impaired children.  
The ﬁrst observation is that both the deﬁnition and performance of a task 
change critically when a LVA is deployed. More speciﬁcally, the use of a LVA introduces 
several (new) coordination and control problems, such as the page navigation problem 
and the user-to-LVA and LVA-to-surface distance, which are absent or at least 
qualitatively different without LVA. Moreover, these aspects of coordination and 
control are fundamentally connected (entangled) with the speciﬁc task at hand. This 
can have either a positive or a negative effect on task performance in that it, for 
instance, increases performance speed of some parts and decreases accuracy of 
performance in others.  
The second observation is that LVA-mediated task performance is shaped by 
the conﬂuence of interacting, and to some extent also time-dependent, properties of 
the LVA, the user, and the task. As research has indicated, proﬁcient use of an LVA is 
determined by the optical and physical characteristics of the LVA (f.i. being of certain 
size and shape and having speciﬁc window size and magniﬁcation factor), in relation to 
the task requirements (f.i. exploring a spatially distributed body of information of some 
detail and symbol size), and the exploratory and goal-directed movements of the user 
(f.i. moving the device across the surface with certain speed while constantly adapting 
viewing distance). Importantly, the interrelation of these factors constitutes several 
task-related perception-action couplings between the (visual) information available to 
the user and how the LVA must be controlled. 
 
Brief General Outline of an Action Perspective 
The action perspective as we will refer to it and apply it to LVA use in the 
present paper can be introduced by making a number of general but rather 
fundamental claims about action, its development, and its relation to perception, 
cognition and prospection/planning. Several additional and related issues about the 
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perceptual control of action will be discussed in following sections.  
Firstly, it must be clear that all actions, including those involving LVAs, consist 
of and require bodily postures and movements (e.g. Reed, 1996). Basically, to act entails 
to move one’s body in an appropriate way. Here ‘appropriate’ can mean as much as 
task related, goal directed, efﬁcient, effective, elegantly and/or fast. In many practical 
cases action requires complex sequences of movements of the upper extremities, 
hands, and ﬁngers, for manipulating objects within the context of a speciﬁc task, while 
at the same time maintaining a stable walking, standing or sitting posture, which is 
provided by the lower extremities and the trunk. So both the task-related and goal-
directed movements as well as a stable platform (i.e. posture) from which these 
movements can be made are important for action to be successful, towards achieving 
a desired goal. In addition, both aspects need to be sufﬁciently developed in order for 
adequate actions to arise spontaneously in a child or for it to be learnable for the child.  
Secondly, in performing a task, with or without a LVA, both action systems and 
sensory systems are involved and have to be closely tuned in order for action to be 
successful. In this context the intrinsic relationship between perception and action 
cannot be emphasized enough. This relationship is considered to be both reciprocal and 
dynamic, as has been stressed by many scholars of action and its development (e.g. 
Bertenthal & Clifton, 1998; Gibson & Pick, 2000; Smitsman & Corbetta, 2010; Thelen & 
Smith, 1994; Von Hofsten, 2003, 2004). Within this context, action control as well as its 
development is generally approached as a dynamic system in which organismic, 
environmental and task constraints interact to establish optimal patterns of 
coordination (Newell, 1984). With respect to the development of action, it has been 
pointed out that this depends on various interconnected underling subsystems related 
to perception, cognition, and motivation, situated in the body, brain and environment 
(Von Hofsten, 2004). How the relationships between these subsystems are different in 
case of low vision, and how they are altered (temporarily) when a LVA is employed, is 
something we still know very little about. Nevertheless, the general viewpoint of 
perception-action coupling is highly relevant for the present discussion on LVA use in 
visually impaired children. 
Finally, and more specifically, an important feature of action is the possibility 
of prospective control. Prospection has been defined as the ability to anticipate on 
future events and prepare actions for those events (for an overview see Von Hofsten, 
2003, 2004). It has been demonstrated in a variety of activities in infants such as 
looking, sucking, pre-reaching and imitation. Von Hofsten (2003) suggests that 
prospection is morphologically prestructured in the body and neuronal structures from 
birth. Similar as in the previous claim, prospection is possible and shaped by the way 
sensory and motor systems are functionally interconnected. When different sensory, 
motor and cognitive aspects cooperate with respect to a specific goal or a set of goals 
in a task, prospection becomes more advanced and pronounced and evolves into more 
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‘adult’ forms of planning. This is true within the context of a specific task, as well as on 
a developmental timescale. As a corollary, action planning is considered to co-develop 
with and from closely related processes that are in progress already at birth (Cox & 
Smitsman, 2006a). Finally, over time, increasing levels of motor skills and dexterity 
enables children to engage in more complex structured activities with tools requiring 
more advanced levels of action planning. 
 
Insights from Tool Use 
A third and final component needed for a better conceptualization of LVA use 
is provided by the research on tool use in children. Tool use has witnessed a revived 
research interest from developmental and action psychologists since the late nineties 
(for overviews see Lockman, 2000; Smitsman & Bongers, 2003; Smitsman, Cox, & 
Bongers, 2005). As we argue here, tool use shares substantial similarities to LVA use, 
both in aspects of task performance as well as on a developmental timescale. In both 
LVA use and tool use a goal is pursuit within a specific task context, and actions are 
directed accordingly. Essential, however, is that this is done by utilizing an intermediate 
object, the aid or tool, respectively, in order to be successful. In addition to this, LVAs 
and tools alike change (i.e. potentially enhance) the user’s properties and capabilities 
for perceiving and acting in a fundamental way. In this sense, tools are affordances 
(Gibson, 1986). This in turn constitutes both opportunities and challenges for the user, 
by making things possible that previously were not and by introducing devicehandling 
aspects that were previously absent, respectively. 
On a more theoretical note, the functional relationship or fit that can be 
defined between a specific tool and task has been called topology (Smitsman & 
Bongers, 2003; Smitsman et al., 2005), or tool-environment interface by others 
(Wagman & Carello, 2003; Wagman & Taylor, 2004). The topology reflects the tool-
using possibilities by expressing the potential, required and to-be-achieved match 
between the dynamical, geometrical, and perceiving-acting properties of the tool and 
the task (or target-object). Regarding actually successfully achieving the tool-task 
match, it is essential to note that the possibility for tool use is not a property of the tool 
itself, but of the entire interconnected system of tool, actor, and task. By adapting the 
actor’s bodily means in relation to the task, certain goals become potentially within 
reach, but only if actions are also adapted in an appropriate way and become directed 
at the changed situation. 
A task becomes more complex with the involvement of a tool (or LVA), in that 
it introduces new and mediated relations between the actor and the task. Complexity 
of tool use is illustrated by the fact that young children obtain tool-use skills after having 
achieved sensorimotor control of the hands and arms (e.g. McCarty, Clifton, & Collard, 
1999, 2001; Steenbergen, Van der Kamp, Smitsman, & Carson, 1997; Van Leeuwen, 
Smitsman, & Van Leeuwen, 1994). Nevertheless, tool use development can be seen is 
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evolving from the same general underlying processes as other types action control 
(Lockman, 2000). It is suggested that in learning the new possibilities tools afford for 
action, children have to discover how the relation between themselves (as actor) and 
the task becomes altered and constrained by the relation between the tool and the task 
and the relation between themselves and the tool. 
What a child has to find out in tool use is what a tool can do (and when to use 
it) as well as which actions should be performed to get it done. For this it has to discover 
the topological relation between tool and task, and how to regulate the underlying 
action parameters accordingly. More concretely, in this context, the coordination and 
control problem of tool use has been defined in terms of three relations or interfaces 
(Cox & Smitsman, 2006a, 2006b; Smitsman & Bongers, 2003; see also Wagman & 
Carello, 2003; Wagman & Taylor, 2004). These are the relations between the tool, the 
task (or target-object) and the actor, which fundamentally constrain each other. In 
accordance with Cox and Smitsman (2006a), we state that in learning the new 
possibilities tools afford for action, children have to discover how their relation (as 
actor) with the task becomes constraint by the tool-to-task and actor-to-tool relation. 
The latter study has demonstrated that, children as young as 2.5 years old not only 
noticed but gave primacy to the relation between the tool and the task (i.e., the 
topology). In addition, their choices for actions to perform were directed towards 
realizing the possible tool-task match. Finally, also adults are focussed on the relation 
between tool, actor and task (Wagman & Carrello, 2003; Wagman & Taylor, 2004). 
 
Defining the Action Problem in LVA Use 
Returning to the conceptual framework, we can now (re)define the action 
problem children have to tackle when using a LVA in terms of discovering and 
controlling the relations that exists between themselves, the LVA and the task (Fig. 1). 
As we already stated, we consider this action problem to be similar on relevant aspects 
to the one in tool use, although there are particular differences which we will elaborate 
on in Section 4.5. In this section we will discuss two issues, starting with an important 
additional aspect of LVA (and tool) use, followed by an analysis of a number of LVA-use 
examples. 
 
Multi-phase Aspects and Information in LVA Use 
An additional aspect of using a LVA (which has also been addressed in tool use), 
which is related to the correct manipulation of the three relations, is its multi-phase 
and multi-information character (Cox & Smitsman, 2006b; see also Claxton, Keen, & 
McCarty, 2003). Basically, using a LVA involves the planning and control of actions in 
different phases of a task, using different kinds of information to do so. During task 
performance, the nature and relative influence of goal-related information and control-
related information constantly changes smoothly when action unfolds. In addition, the 
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‘balance’ between goal-related and control-related information can change abruptly 
and critically at other instances, such as between different phases of the tasks. This is 
either caused by, attended with, related to, or causing itself a behavioural switch (see 
Cox & Smitsman, 2008), which marks an observable and essential change in the task 
performance. 
In this context goal-related information refers to all the perceptual 
specification (be it visual, proprioceptive or otherwise) that might guide action towards 
the intended goal and/or that help shape the process of gathering the relevant and 
requested information in the task. Control-related information refers to all the 
perceptual specification that is not directly related to the goal or task, but on the other 
hand plays an essential role in the control of the LVA. As such, goal-related information 
refers to the Child-to-Task relation, whereas control-related information refers to the 
Child-to-LVA relation (see Fig. 1). In the course of a specific task these sources of 
information influence each other constantly, and are critically mediated by the LVA-to-
Task relation, which is determined by the properties of the LVA in relation to the task 
(compare the topology discussed earlier; Smitsman et al., 2005). 
As an example, consider the page navigation problem during reading with a 
magnifier, as introduced in Section 2.3. When navigating over a single line, goal-related 
information is provided by the letters, words, and punctuation on that line. These are 
relevant in the reading process and for understanding the text, that is, for the task at 
hand. The control-related information is mainly though not extensively given by the 
direction of the (imaginary) line comprised by the sequence of symbols (i.e. the letters 
on the line). This helps to guide the movements of the magnifier over the surface. An 
additional parameter, essential for task performance is the distance from the eye to the 
lens of the magnifier, which is critical related to image size. The control related 
information for this action parameter comes from image size and acuity. When the line 
is finished and goal-related information is absence temporarily, reading also 
temporarily stops as a result of this. At this point, to continue reading, relocating the 
magnifier to the beginning of the next sentence is the temporary new control issue. 
This is a new phase in the task, which is defined by an abrupt change of the nature and 
role of the information that determines task performance. 
The different sources of information involved in the action control in LVA use, 
and the fact that their ‘size and shape’ and relative influence is time dependent adds to 
the complexity of LVA use. The multi-phase and multi-information character that this 
implies entails the involvement of both action planning and action control. Although 
most contemporary motorcontrol theories emphasize the different temporal roles and 
processes for the planning and control of action, from a true action perspective for LVA 
use, these are best considered as different sides of the same coin (see Cox & Smitsman, 
2008). As was stated earlier, planning (as well as control) becomes possible through the 
cooperation of sensory, motor and cognitive processes. The development of these 
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aspects, therefore, progresses planning abilities in children. In conclusion, the 
development of a child’s abilities for action planning and control constrains his/her 
abilities to use a LVA. 
 
Example Analyses of LVA Use 
In general, the same actions are performed differently with the use of a LVA 
compared to without LVA. For instance, looking at a picture or a crowd with bare eyes 
occurs largely in parallel, and by applying saccadic eye movements across large areas of 
the scene. On the other hand, the same tasks performed with a magnifier or telescope, 
respectively, is done much more sequentially and with larger motor involvement of the 
arms and hands. In addition, the distances between LVA, eye, and scene are much more 
critical for retrieving a sharp and stable image. In order to achieve this, the observer 
has to move the LVA (with the hands), as well as the head and eyes into suitable ever-
changing positions. As a result, perceiving by using a LVA is more complex. 
Research has shown that children with a developmental level of 2 years can 
successfully perform a static task in which they had to name pictures and small objects 
with the use of a magnifier (Ritchie, Sonksen, & Gould, 1989). Since the magnifier 
resting nicely on the object, the task involved only the control of the distance between 
their eye and the lens (besides accommodation). To use a LVA in a more dynamic setting 
entails motor skills, as well as planning and control abilities. In a study by Cox et al. 
(2007, 2009) children had to navigate the magnifier across a surface in order to follow 
trails of symbols between two locations. This entailed not only the control of the eye-
to-lens distance, but also of the movements of the LVA, arms, head and trunk Results 
demonstrated that only children older than 3.5 years of age were capable of 
successfully performing this task. These results reflect the increasing complexity of the 
LVA-Child-Task system in terms of the simultaneous control of multiple action 
parameters. 
To elaborate, specific LVAs put specific constrains on action control, depending 
on the task at hand. Stand, dome and hand-held magnifiers are hand-held optical 
magnifiers for nearby vision. The stand and dome magnifier have to be navigated while 
resting on a surface, which require arm movements in two spatial dimensions. The 
magnification factor, therefore, is more stable, and is only influenced by the eye-to-lens 
distance. The stand magnifier requires an observing eye that is positioned directly 
above the magnifier, whereas use of the dome magnifier is less restricted. With a hand-
held magnifier the magnification factor can be manipulated both by changing the 
distance between the lens and the object, and between the magnifier and the eye. 
Navigating a hand-held magnifier is supposed to be more complex, compared to stand 
and dome magnifiers, because it has to be moved in three dimensions. 
In EVES, magnification is not manipulated by distance between the lens and 
object or between eye and lens directly. Therefore, task-related control of EVES seems 
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less complex, since action parameters have been fixed. However, magnification (and 
brightness, contrast, and color) can be adapted by pushing or switching buttons, which 
requires a different level of cognitive development as well as manual dexterity of the 
child. Portable devices, including the hand-held and mouse-operated EVES, which are 
designed for bringing the camera to the object for viewing, require similar types of 
action control as optical near-vision LVAs. These EVES are easy to move across a flat 
working surface, and require only twodimensional movements. The stand-mounted 
EVES electronically magnifies the object, which is placed on a controllable surface 
underneath. The complexity lies in the fact that the observer needs to move the object 
in the opposite direction: if the observer wants to see something that is more to the 
right on the screen, he or she has to move the surface with the object to the left, and 
vice versa. Again, manipulation of a stand-mounted EVES entails a certain level of motor 
and cognitive abilities. 
 
Idiosyncrasies of LVA Use: Challenges for Future Research 
It is one of the central tenets of this paper that the insights from tool-use 
research will help us to come to a better understanding of the action problem involved 
in LVA use. And, in addition, that the conceptual framework presented here provides a 
valuable new perspective from which empirical and theoretical investigation can be 
initiated. Still, LVA use and tool use are not the same, but in fact differ on some 
important and interesting aspects. We will discuss one general feature of topology in 
previous tool-use research and two inter-personal factors concerning the target group 
for LVA use. 
 
The LVA-Child-Task System 
The major difference between tool use and LVA use is of course encapsulated 
in the LVA-Child-Task system itself (Fig. 1), and in the nature of ‘goal’, ‘control’, and 
‘topology’. First of all, tool-use research has paid virtually no attention to tools that 
have vision enhancement as their defining feature, and how this is different from 
‘regular’ tools which most often specifically enhance a user’s action possibilities 
(however see Schellingerhout, Bongers, Van Grinsven, Smitsman, & Van Galen, 2001 
for an exception). The aspect of visual enhancement is essentially related to the notion 
of topology (i.e. the LVA-to-Task relation). After all, the features that make a LVA into 
an (potentially) appropriate device concern the relation between the LVA and the task, 
the issue being which aspects of the task the LVA makes easier or at all possible. For 
LVAs this mostly concerns discernibleness by magnification and improved acuity. 
Related, the goal of LVA use (i.e. the Child-to-Task relation) differs from that in tasks 
applied in tool-use studies. In tool-use studies the goal is most often to manipulate, that 
is move or otherwise alter, a target-object. In LVA use the goal is to improve perceptual 
abilities for gathering (printed) information. Of course control aspects immediately 
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become involved when the aid is actually being used. 
Other important differences arise when we consider the target group for LVA 
use. We need to acknowledge that tool use has been studied primarily in children with 
a normative development, with only few exceptions. LVAs are used by the visually 
impaired, who form a heterogeneous and special group, containing, for instance, also 
children with various additional disabilities. These aspects should be taken into account 
in future research on LVA use in visually impaired children, initiated based on the 
framework. Below we will briefly highlight two of the most prominent differences.  
 
Low Vision 
As a first difference, the loss of vision can be caused by a variety of diseases 
(see Section 2.2). These diseases can result in several problems, like cloudy sight, loss 
of acuity, or (partial) loss of the visual field. These problems may have different effects 
on LVA use and which LVA is most adequate. We know from the adult visually impaired 
population that adults with central-field loss have more problems in reading with a 
magnifier compared to adults with intact central-field (Legge, Rubin et al., 1985). To 
date, no such studies are known involving children. The severity of the impairment 
might vary as well. A study of static LVA use in visually impaired children demonstrated 
that functional vision improved with the use of a magnifier, except for the children with 
the poorest vision (Ritchie et al., 1989). 
Two specific additional issues in low vision that deserve attention are contrast 
and accommodation. With respect to the former, contrast, as well as color and 
brightness, can be decisive with respect to the perceivability of an object, especially in 
visually impaired individuals. The majority of EVES have the ability to adapt those 
features, which make the objects easier to identify. However, not only the features of 
the object affect performance, also the position of the object. Objects far away demand 
a distance-vision aid, while objects nearby demand a near-vision aid. More specifically, 
the distance between the object and the lens, in optical aids, are essential to produce 
the right focus. With respect to the latter, it is well known that children have the ability 
to accommodate far better than adults: children’s eyes can accommodate up to 14 
dioptres (Taylor, 1997). This makes it possible for children to keep objects very close to 
improve perception. The distance between the LVA and the eye, and in some cases also 
between the LVA and the object underneath, are critical to achieve a good focus of the 
object. Good accommodation can have both advantages (large range of distances) and 
disadvantages (too much degrees-offreedom) for the children to use an LVA, but 
presents difficulties for clinicians prescribing LVAs. 
 
Motor Delays 
A second major difference which deserves attention is given by the fact that 
visually impaired children generally show a delay in motor development (Bouchard & 
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Tetreault, 2000; Brambring, 2001; Celeste, 2002; Reynell, 1978; Sleeuwenhoek & Boter, 
1995). Seven- to 10-year-old children with a visual impairment show less sufficient 
performance on various aspects of motor skills, such as unimanual control, eye-hand 
coordination, static and dynamic balance and catching, compared with peers without a 
visual impairment (Houwen, Visscher, Lemmink, & Hartman, 2008). Another example 
comes from visually impaired children diagnosed with albinism, who were less accurate 
in making rhythmical aiming movements with a cylindrical object (Reimer, Cox, 
Boonstra, & Smits-Engelsman, 2008). Finally, in visually impaired children as of six years, 
norm scores retrieved with a standardized instrument for fine-motor skills (ManuVis) 
are significantly slower than those of age-matched control groups (Reimer, Smits-
Engelsman, & Siemonsma-Boom, 1999; Smits-Engelsman, Reimer, & Siemonsma-
Boom, 2003). 
As elaborated on before, handling a LVA involves advanced levels of action 
control, which rely on more basic processes, particularly those related to manual 
dexterity, fine-motor skill and eye-hand coordination. As a result of the delay in motor 
development demonstrated by visually impaired children, their ability to perform LVA-
mediated tasks will be negatively influenced. In a multidisciplinary project that is 
currently in progress, our research group is investigating in more detail the role of 
(diminished) motor-control on LVA use in young children with a visual impairment. 
 
Conclusions 
There is a considerable hiatus in our understanding of LVA use in children with 
a visual impairment. It is our opinion that this has led to an impasse in the empirical and 
theoretical progression in the field. By using insights from adult LVA use, taking an 
action perspective on LVA use, and using insights from studies on tool use in children, 
we developed a novel perspective. This has led to the formulation of a conceptual 
framework which can serve as a guideline to address the complexity and diversity of 
LVA use in children. Akin to what has been done in tool use, we suggested as basic unit 
of investigation the set of three relations that hold between the LVA, the child, and the 
task, which constrain each other in a fundamental way. 
In the introduction we mentioned the prescription of LVAs earlier in life to 
overcome various practical problems. The scarce research on LVA in visually impaired 
children seem to support the general belief that young children are able to use certain 
LVAs, at least to some extent (Boonstra et al., 2012; Corn et al., 2002; Cox et al., 2007, 
2009; Farmer & Morse, 2007; Haddad et al., 2009; Ritchie et al., 1989). However, these 
findings cannot be generalized to other tasks and LVAs, nor to all children. It is therefore 
that we appeal for more research attention for LVA use in young visually impaired 
children, initiated from the conceptual framework as laid down in the present paper. 
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Clearly the framework and related issues deserve further investigation. 
Importantly, the three-relation framework elucidates and emphasizes the belief that 
proficient use of an LVA is not merely determined by how well a LVA improves 
(rehabilitates) a child’s low vision. Instead the match of LVA and task and the abilities 
of the child to handle the LVA or mastering thereof play an equally important role. In 
this area of tension, as has been acknowledged before, the manipulation of a LVA 
requires appropriate developmental levels of action control, and related motor and 
cognitive skills. Specifically, the multi-phase and multi-information character of LVA 
use, suggests the involvement of advanced action planning which have not been a topic 
of investigation in this field. 
Finally, LVAs can be used for various tasks encompassing different goals. The 
main focus has always been looking, reading or recognizing objects/persons far away. 
That is, understandably, most LVAs are primary designed for observing. On the other 
hand, writing and drawing are both tasks in which the child might have to control a pen 
or pencil in addition to the LVA. LVAs that entail manual control and coordination seem 
not to be suitable for these kinds of tasks, which makes the choice of LVAs limited. 
Furthermore, these tasks would entail doing two things at the same time: observing 
with LVA as well as controlling a pen. For the development of visually impaired children 
it would certainly be beneficial to think of designing LVA-pen integrated tools that 
would provide both enhanced vision as well as possibilities for drawing and writing, at 
the same time. Perhaps the conceptual framework can be of assistance in designing 
such instruments. 
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Abstract 
Purpose. The effect of Infantile Nystagmus Syndrome (INS) on the efficiency of goal-
directed hand movements was examined.  
Methods. Thirty-seven children with INS and 65 control subjects with normal vision, 
aged 4 to 8 years, were recruited. Participants performed horizontally oriented, goal-
directed cylinder displacements as if they displaced a low-vision aid. The first ten 
movements of twenty back-and-forth displacements in a trial were performed between 
two visually presented target areas, the second ten between remembered target 
locations (not visible). Motor performance was examined in terms of movement time, 
endpoint accuracy and a harmonicity index reflecting energetic efficiency.  
Results. As compared to the control group, the children with INS performed the cylinder 
displacements slower (using more time), less accurately (specifically in small-amplitude 
movements) and with less harmonic acceleration profiles. Their poor visual acuity 
proved to correlate with slower and less accurate movements but did not correlate with 
harmonicity. When moving between remembered target locations, the performance of 
children with INS was less accurate than that of the children with normal vision. In both 
groups, movement speed and harmonicity increased with age to a similar extent.  
Conclusions. Collectively, the findings suggest that, in addition to the visuospatial 
homing-in problems associated with the syndrome, INS is associated with inefficiency 
of goal-directed hand movements. 
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Introduction  
To be able to properly participate in daily school activities, visually impaired 
children need, like all children, well developed motor skills that allow them to handle 
devices, such as low-vision aids, (Schurink, Cox, Cillessen, van Rens, & Boonstra, 2011) 
smartphones, pencils and laptops. In young visually impaired children who are not yet 
using a visual aid, the visual feedback of their movements is structurally different from 
their normally sighted peers: fine details are not seen and, therefore, their interaction 
with surrounding objects has not the same stimulating effect. When visual acuity is low, 
motor development can be influenced or even delayed (Aki, Atasavun, & Kayihan, 2008; 
Bouchard & Tetreault, 2000; Brambring, 2001; Celeste, 2002; Houwen, Visscher, 
Lemmink, & Hartman, 2008; Lions, Bui-Quoc, & Bucci, 2013; Reynell, 1978;  
Sleeuwenhoek & Boter, 1995). Earlier studies have shown that fine and gross motor 
skills as well as control of balance are underdeveloped in children with a visual 
impairment (Aki et al., 2008; Bouchard & Tetreault, 2000; Brambring, 2001; Celeste, 
2002; Houwen et al., 2008; Lions et al., 2013; Reynell, 1978; Sleeuwenhoek & Boter, 
1995). Furthermore, children with mild to severe visual-acuity loss and amblyopia are 
known to generate grasping movements of lower quality than children with normal 
sight (Grant & Moseley, 2011; Suttle, Melmoth, Finlay, Sloper, & Grant, 2011). Reimer 
et al. (2008), who studied the effect of visual impairment on goal-directed aiming in a 
small group of children with albinism, demonstrated that eight-year-old children with 
albinism were less accurate than the control group. In present-day society in which the 
use of technical devices has increased dramatically, children indeed strongly rely on fine 
motor skills. In that context, it is useful to investigate the motor skills of visually 
impaired children. A precise description of the effects of visual impairment on the 
efficiency of goal-directed hand movements is still lacking. 
In the present study, we investigated goal-directed hand movements of 
children with Infantile Nystagmus Syndrome (INS). INS is the third cause of low vision 
in the Netherlands (Boonstra et al., 2012) and is characterized by (i) involuntary 
oscillations of the eyes that are typically conjugate and horizontal in direction and (ii) 
infantile onset (Gottlob, 2000; Hertle, 2002). As a direct result of the inability to 
maintain stable foveal vision, INS is associated with reduced visual acuity. INS occurs in 
an isolated (idiopatic) form or is accompanied by congenital or acquired defects in the 
visual system such as albinism, bilateral optic nerve hypoplasia, infantile cataract, 
aniridia or various inherited types of retinal degeneration (Abadi & Bjerre, 2002; Felius 
et al., 2011; Hertle, 2002; Hertle, Maldanado, Maybodi, & Yang, 2002). If INS is 
accompanied by another sensory disorder, a patient has two disorders (e.g., albinism 
and INS; Hertle et al., 2002). Both idiopatic and accompanied INS forms are included in 
this study, which makes the study group a realistic reflection of the prevalence of INS 
children in the Netherlands. The INS population is a very heterogeneous group. 
Evidence for a relation between stereopsis and fine motor skills in children with 
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amblyopia (mean age, 8.2 years) has been found (Webber, Wood, Gole, & Brown, 
2008). However, no clear relations have been described between stereopsis and motion 
in children with INS, therefore we performed additional analyses regarding stereopsis. 
 The aim of the study was to examine the effects of visual impairment on the 
development of the efficiency of goal-directed hand movements in children with INS. 
Seemingly simple goal-directed movements, such as reaching, grasping and 
manipulating objects, involve complex interactions between perceptual and motor 
systems. The primary modalities used for goal-directed movements include visual, 
proprioceptive and vestibular subsystems. From a perception–action perspective, 
motor control emerges from the ongoing interaction between the performer and the 
environment (Bertenthal, 1998; Gibson & Pick, 2000; Smitsman & Corbetta, 2010; 
Thelen & Smith, 1994; Von Hofsten, 2003, 2004) on the basis of associations between 
perception and action subsystems that are already established in newborns (Von 
Hofsten, 1982, 2004). With development, the different action and perception 
subsystems become more integrated, which results in more effective and adaptive 
motor behavior.  
 We used a Fitts aiming task (Fitts, 1954) that was tailored to the skill of 
manipulating low-vision aids (Schurink, Cox, & Boonstra, 2010). Originally, Fitts tasks 
required participants to perform fast and accurate back-and-forth movements of the 
fingertip or a pointing stylus between two predefined target areas. The speed and 
accuracy of such aiming movements rely critically on intact processing of visual and 
proprioceptive information and on the movement amplitude and imposed target width 
as complexity factors (Scheidt, Conditt, Secco, & Mussa-Ivaldi, 2005; van Beers, 
Wolpert, & Haggard, 2002). In the present study, the degree to which performance 
depended on vision was tested by manipulating target visibility, which was present in 
the first ten movements and absent in the second ten movements, and target distance 
(either 10 or 20 cm) as within-subject variables and scrutinizing the effects of these 
variables on movement time, endpoint accuracy and harmonicity. Conceptually, the 
harmonicity index provides a means to determine the efficiency of sensorimotor 
control, (Mottet & Bootsma, 1999; Wijnants et al., 2012) which will be elaborated on in 
the Methods section. A more harmonic motion corresponds to a more (energetically) 
efficient motor performance. This approach is quite novel for the field of visual 
impairment research, although it has been applied successfully elsewhere (Guiard, 
1993; Mottet & Bootsma, 1999; Wijnants et al., 2012).  
 We reasoned that group differences regarding the speed-accuracy effects of 
target visibility and target distance variations, potentially interacting with age, would 
provide insights into the sensorimotor control deficiencies in children with INS. Similar 
effects for the harmonicity index would point at additional structural motor-control 
efficiency limitations due to a poorly integrated perception–action system. Based on 
this rationale and the earlier research described above, two hypotheses were 
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formulated. First, we hypothesized that children with INS would perform less accurate, 
slower and less harmonic goal-directed movements than children with normal vision. 
Second, we hypothesized that the performance improvement as a function of age 
would be similar in children with INS and the control group, demonstrating that the 
expected age-independent motor performance differences were due to  inefficient 
perception–action couplings rather than to a structural visual impairment that, in 
children with INS, might differentially hamper their aiming performance (Leat, Yadav, 
& Irving, 2009; Weiss & Kelly, 2007). 
 
Methods 
 
Participants  
 Participants were 37 children with INS from client databases of all Dutch vision 
rehabilitation centers (Mean age= 81 months; Mean visual acuity = 0.2; 26 boys, 11 girls) 
and 65 control children with normal vision from regular primary schools in the 
Netherlands (Mean age = 79 months; Mean visual acuity = 1.1; 26 boys, 39 girls). 
Children were included if they had no intellectual and/or motor impairments, normal 
birth weight (≥3000 grams) and birth at term (≥36 weeks of gestation). Nystagmus 
diagnoses were made after ophthalmological investigation. All children with INS had 
visual acuities ≤0.4 and ≥0.05 (E-chart, 6 m) in the better eye. Children with normal 
vision had visual acuities ≥0.8. The study was approved by an accredited Medical 
Review Ethics Committee (CMO-Arnhem Nijmegen), and all protocols adhered to the 
guidelines of the Declaration of Helsinki. Informed consent was obtained from the 
participants’ parents after explanation of the nature of the study.  
 
Ophthalmological Examination 
 The clinical details of the children with INS are shown in Supplement A. 
Distance visual acuity was measured monocularly and binocularly with correction with 
the Landolt C-test (Haase & Hohmann, 1982) at 5 m and the Illiterate E-chart (Taylor, 
1978) at 6 m under controlled lighting conditions in an ophthalmological setting. Near-
visual acuity was determined binocularly with the angulair LH version of the C-test 
(Huurneman, Boonstra, Cillessen, van Rens, & Cox, 2012) at 40 cm. Stereopsis was 
assessed with the Titmus Fly Test (Hasche, Gockeln, & de Decker, 2001), and if possible 
the TNO-test (Walraven, 1975; a red-green system). Data regarding stereopsis scores of 
two normally sighted children are missing. One child with INS was diagnosed with 
papillorenal syndrome, The left eye had light perception and a dysplasia of the optic 
nerve with abnormal passage of retinal vessels. Orthoptic examination was performed 
by orthoptists: They performed alternate cover test, cover-uncover test and if 
necessary the 4 diopter base out prism test.  A gross estimation of the visual field was 
obtained by confrontational techniques, to secure full view at the digitizer tablet. After 
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cycloplegia slit-lamp examination and funduscopy and objective refraction was 
obtained and, if necessary, the spectacle correction was prescribed or changed before 
the experiment started. All children with glasses wore them during the entire 
experiment.  
 
Apparatus and Procedure 
 The participants were asked to perform goal-directed hand movements by 
displacing a cylinder-shaped object by means of a horizontal sliding movement across 
the surface of a digitizer tablet (Wacom, Saitama, Japan; type 21ux). The digitizer was 
positioned in front of the child’s body midline and displayed two circles (diameter 25 
mm) that acted as the start and end location of each movement. Children were asked 
to perform accurate and fast hand movements between the start and end target, as in 
a Fitts paradigm, (Fitts, 1954) with both eyes open. The size of the cylinder matched 
that of a 6D stand magnifier (diameter 56 mm, height 49 mm). An electronic sensor was 
placed in the center of the cylinder, allowing its X and Y positions to be digitally recorded 
at a sampling rate of 144 Hz. Children performed movements across two distances of 
either 10 cm or 20 cm horizontal distance between the center of the start and end 
target. Each participant received a random sequence of experimental conditions, each 
condition containing twenty movements. In the first ten movements, target locations 
were visually presented, but in the second ten movements they were not. Before the 
start of each trial, the child was asked to position the object in the starting circle on the 
digitizer, after which the experiment was started. A period of about 0.5 seconds later, 
the go signal was given and the target circle appeared on the digitizer. This was the 
indication for the child to slide the cylinder as fast and as accurately as possible towards 
the target location. When the target was reached, the former starting circle 
disappeared. The child had to wait for a random period of about 0.5 to 1.5 seconds 
before the next go signal was given and the target circle appeared (at the location of 
the former starting circle). The child then moved the object back to that target circle. 
Ten movements back-and-forth were performed this way with visible targets. Next, ten 
movements were generated to invisible targets, which meant that the children had to 
move the object to the formerly visible but now remembered locations. General 
information about posture and performance was collected by video recordings. The 
video camera was positioned in front of the child and captured the digitizer tablet and 
the upper body of the child including the hand moving the cylinder.  
 
Data Analysis 
Cylinder-position data were filtered using a dual-pass, low-pass Butterworth 
filter with a cut-off frequency of 6 Hz (Meulenbroek, Cox, & Thomassen, 2001) and 
subsequently segmented into separate movements. The start and end of the 
movement were found by means of a semiautomatic search procedure starting from 
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the middle of each trajectory and finding the samples at which the object velocity 
exceeded a threshold of 10 mm/s. Figs. 1A and 1B show 10 movements from starting 
point to endpoint for a control subject and a representative child with INS, respectively. 
For each movement, the movement time (MT) was determined in seconds. A lower MT 
indicates a higher average speed and thus a faster performance.  
 
Figure 1 Depicts the 10 horizontal strokes produced in the 10-cm amplitude condition by a 
representative child with normal vision (A) and a child with Infantile Nystagmus Syndrome (INS) 
(B) and Hooke’s portraits (acceleration versus horizontal displacement graphs) produced by a 
representative child with normal vision (C) and a representative participant with INS (D).  A linear 
regression line (red line) was fitted through all the points constituting the Hooke’s portraits (in C, 
D). RSquare (RSq) is an index ranging from 0 to 1, quantifying how well the curve approximates 
this straight line (in C, mean RSq is 0.67; in D, mean RSq is 0.71). The arc-like endings at each side 
of a Hooke’s portrait, which are larger in non-harmonic movements, reduce the fit of the 
regression line, resulting in lower RSq. This corresponds to a less (kinetically) efficient motor 
performance.   
  
For the 10 movements that were repeated within each condition, an endpoint 
variability (EV) measure reflecting spatial accuracy was calculated. EV is a frequently 
used measure of accuracy in goal-directed aiming tasks (Smits-Engelsman, Swinnen, & 
Duysens, 2004; Smits-Engelsman, Van Galen, & Duysens, 2002; Smits-Engelsman, 
Wilson, Westenberg, & Duysens, 2003) and captures the adaptability of error-
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correction mechanisms (Wallace & Newell, 1983). EV was calculated by determining the 
scatter of the endpoint locations of all movements for each condition (see Fig. 2). For 
each trial, the endpoint scatter (variable error) was used to determine the 95% 
endpoint ellipses (Gordon, Ghilardi, & Ghez, 1994). First, we determined the axis of the 
principle direction. Second, we computed the major and minor axis (perpendicular) of 
the endpoint scatter. Third, we calculated the size of the 95% endpoint ellipse: area = 
p*A*B. A and B represented two standard deviations (1.96*SE) of the length of the 
major and minor axis, respectively. EV is the surface of the area (95% endpoint ellipse) 
in cm2. A lower score on EV indicates a more accurate performance. 
 
Figure 2 Endpoint distributions for movements to targets with two distances by one child. 
Endpoints for individual movements are represented by small circles. Large circles show target 
locations. The distributions of endpoints for movements to one target is fitted with a surrounding 
ellipse. Here, the length of the major and minor axis are scaled such that 95% of the population 
of end-points should fall within the boundaries of the ellipse. Endpoint variability (EV) is the 
surface of the 95% endpoint ellipse in cm2, calculated by area = p*A*B. A and B represented two 
standard deviations (1.96*SE) of the length of the major and minor axis, respectively. 
 
 The acceleration versus displacement graphs, that are called Hooke’s portraits 
(see Fig. 1C and 1D), are used for the assessment of the harmonicity of the movement 
(Bootsma, Fernandez, & Mottet, 2004; Guiard, 1993; Mottet & Bootsma, 1999; 
Wijnants et al., 2012). To this end we applied the statistically method of linear 
regression, to fit a straight line on to each Hooke’s portrait.  Conceptually, the 
harmonicity of cyclical movements offers a description of the efficiency with which 
kinetic energy is being recycled during back-and-forth movements. In cyclical 
movements relatively modicum energy is lost towards the end of the movement, 
resulting in  Hooke’s portraits that approach linear graphs (Bootsma et al., 2004; Guiard, 
1993; Mottet & Bootsma, 1999; Wijnants et al., 2012). For discrete movements, 
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harmonicity indices reflect the efficiency with which potential energy that is built up 
during acceleration is being dissipated during deceleration and coming to a standstill. 
Hooke’s portraits of discrete movements (and highly precision-constrained cyclical 
movements) are described by their ‘asymmetric N-shape‘ in the literature (Bootsma et 
al., 2004). The arc-like endings at each side of these Hooke’s portraits represent the 
sudden (non-harmonic) acceleration and deceleration phases of the strokes, 
respectively, which are associated with the fast generation and dissipation of energy 
(Bootsma et al., 2004; Bootsma, Mottet, & Zaal, 1998; Wijnants et al., 2012). Fig. 1 
displays sample Hooke’s portraits of the ten strokes made by one representative 
control child (Fig. 1C) and ten single strokes made by one representative child with INS 
(Fig. 1D) in the 10-cm amplitude condition. Both portraits show relative non-harmonic 
movements, displayed by the asymmetric N-shape (Wijnants et al., 2012). Next, a linear 
regression line was fitted through all the points constituting the Hooke’s portrait (i.e. 
through the entire curve), for each individual stroke (see Fig. 1C and 1D). RSq1 is an 
index ranging from 0 to 1, quantifying how well the curve approximates this straight 
line. The arc-like endings at each side of a Hooke’s portrait, which are larger in non- 
harmonic movements, reduce the statistical fit of the regression line, resulting in lower 
RSq. In this sense RSq is a measure of the linearity of the Hooke’s portrait, and is directly 
related to the harmonicity of the movement. A higher RSq (i.e. closer to 1), associated 
with a more linear Hooke’s portrait, indicates a simple harmonic motion, corresponding 
to a more (kinetically) efficient motor performance.  
  
 For the three dependent variables (MT, EV and RSq), the data were averaged 
across the ten repetitions of each task condition and entered into SPSS. General Linear 
Model procedures were carried out, with INS group as between-subjects factor, age (in 
months) as covariate and target visibility as within-subject factor, for the 10 cm and 20 
cm condition, separately. Only two-way interaction effects including group (INS versus 
control group) and target visibility (present and absent) are reported, in accordance 
with our research hypotheses. Preliminary analyses revealed no significant difference 
regarding stereopsis and performance scores between children with INS and albinism 
and children with INS without albinism, and were reason to leave albinism out of the 
General Linear Model procedures. To investigate the effect of visual impairment on the 
                                                            
1 An alternative kinematic measure reflecting movement efficiency is called Index of Harmonicity (H) and is 
used to express harmonicity of acceleration portraits.22,23 H is calculated over a segment of a stroke from one 
movement midpoint to the next movement midpoint. In our study design, it is not possible to calculate H, 
because our design includes discrete movements. Therefore we can only analyze movement segments from 
one target to the next target instead of from one movement midpoint to the next movement midpoint. 
Therefore, an alternative measure for the harmonicity is used: the R-Square of the linear fit of the 
acceleration profile. 
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performance of children with INS, Pearson correlations were calculated between their 
visual acuity scores and mean performance scores (MT, EV, RSq). If correlations were 
significant, step-down correlation analyses were conducted for the different conditions. 
Floor and ceiling effects resulted in not normally distributed stereopsis scores. 
Consequently children were clustered according to their stereopsis level; “nil” if “no” 
stereoscopic response could be measured, “reduced” if response indicated stereopsis 
between 800 and 60 sec arc and “normal” if response indicated stereopsis better than 
or equal to 40 sec arc (Webber et al., 2008). Chi Square analyses were performed to 
compare the level of stereopsis between children with INS and children with normal 
sight. We performed t-tests to compare performance scores (MT, EV, RSq) of the sub-
group with INS and reduced stereopsis with performance scores of the sub-group with 
INS and no stereopsis. To test the second hypothesis, first, Pearson correlations 
between age and visual acuity were calculated, because in typically developing children 
and children with INS, visual acuity increases with age (Weiss & Kelly, 2007). Second, 
Pearson correlations were calculated between MT, EV, RSq and age (in months) 
controlling for visual acuity, per vision group and target visibility condition, separately 
for movements with an amplitude of 10 and 20 cm.  
 
Results 
 Figures 3 show the mean MT, EV and RSq for each group (normally sighted vs. 
INS) as a function of target visibility (visible vs. invisible) and amplitude (10 and 20 cm).  
 
Figure 3 Mean movement time (MT) in seconds (A), endpoint variability (EV) in cm2 (B) and 
Hooke’s portrait linearity (RSq) (C) with target visible and target invisible for the normally 
sighted group and the INS group in the 10 cm condition and 20 cm condition. Standard error are 
specified between parentheses. 
 
 
 
Children with INS vs. Children with Normal Vision  
A longer MT was found in the INS group in both the 10 cm condition, F(1, 99) 
= 13.59, p < .001, and 20 cm condition, F(1, 99) = 11.50, p = .001, indicating slower hand 
movements in children with INS than in children with normal vision (Fig. 3A). A larger 
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EV was found in the INS group in the 10 cm condition, F(1, 99) = 6.61, p =.012, indicating 
a less accurate performance in children with INS than children with normal vision (Fig. 
3). In the 20 cm condition, the group effect on EV approached statistical significance, 
F(1, 99) = 3.55, p = .062 (Fig. 3B). A larger RSq was found in the INS group in both the 
10 cm condition, F(1, 99) = 9.90, p = .002, and the 20 cm condition, F(1, 99) = 11.44, p = 
.001, indicating a less harmonic performance in children with INS than in children with 
normal vision (Fig. 3C). 
 In summary, the INS group made slower (10 and 20 cm condition), less 
accurate (10 cm condition) and less harmonic (10 and 20 cm condition) goal-directed 
hand movements than the normally sighted group. 
 
Target Visibility 
Target visibility had a main effect on MT in the INS and normally sighted group 
in the 10 cm condition, F(1, 99) = 10.20, p = .002, and 20 cm condition, F(1, 99) = 15.97, 
p < .001, indicating a slower performance in the invisible target condition (Fig. 3A). 
Target visibility had a main effect on EV in the INS and normally sighted group in the 10 
cm condition, F(1, 99) = 14.86, p < .001, and 20 cm condition, F(1,99) = 9.37, p = .003, 
indicating a less accurate performance in the invisible target condition (Fig. 3B). An 
interaction effect between target visibility and vision group in the 10 cm condition, F(1, 
99) = 6.66, p = .011, indicates that target visibility affected the EV more in the INS group 
than in the normally sighted group. Target visibility had no significant main effect on 
RSq in the INS and normally sighted group in the 10 cm condition, F(1, 99) = 3.67, p = 
.058, and the 20 cm condition, F(1, 99) = 2.44, p = .122 (Fig. 3C).  
 In summary, both INS and normally sighted children made slower and less 
accurate movements when moving towards previously visible target locations. 
Furthermore, target visibility affected the EV more in the INS group than in the normally 
sighted group in the 10 cm condition.  
 
Visual Acuity 
On average, the Pearson correlations between visual acuity and mean MT, 
visual acuity and mean EV and visual acuity and mean RSq were Pearson’s r = -.39, p = 
.030, Pearson’s r = -.38, p = .020 and Pearson’s r = .21, p = .217, respectively. The results 
clearly show that visual acuity correlates negatively with the speed and accuracy of the 
goal-directed hand movements as expected. Table 1 shows, for both the INS group and 
the normally sighted group for each condition, the Pearson correlations between visual 
acuity scores on the one hand and mean MT, EV and RSq scores on the other.  
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Table 1 INS group’s Pearson’s r and p values between visual acuity and MT, and visual acuity 
and EV 
Correlation VA       MT       EV       RSq 
r p r p r p 
INS 10 Visible target -.45 .005 -.33 .045 .38 .019 
 
 Invisible target 
-.34 .040 -.33 .049 .25 .136 
 20 Visible target -.33 .045 -.25 .136 .19 .249 
 
 Invisible target 
-.24 .156 -.18 .280 .11 .506 
Normally 10 Visible target -.21 .087 -.23 .069 .21 .087 
Sighted 
 Invisible target 
-.13 .298 -.40 .001 .10 .409 
 20 Visible target -.38 .002 -.21 .095 .29 .021 
 
 Invisible target 
-.12 .351 -.34 .006 .06 .634 
MT, Movement time; EV, Endpoint variability; RSQ, Hooke’s portrait linearity; INS, Infantile 
Nystagmus Syndrome  
* Visual acuity at 6 m in decimals as measured with E-gratings. 
  
Of the children with normal vision 84.1 % had ‘normal stereopsis’, 15.9 % had 
reduced stereopsis, and none had no stereopsis. None of the children with INS had 
‘normal stereopsis’, 51.4 % had ‘reduced stereopsis’ and 48.6% had ‘no stereopsis’. The 
variation in level of stereopsis was significant between the normally sighted and INS 
groups, 2(df=2) = 71.89; p<.001.    
 Performance of children with INS with reduced stereopsis was compared with 
the performance of children with INS and no stereopsis. In the 10 cm condition, we 
found no significant differences in performance speed, t(35)= -.64, p =.525, accuracy, 
t(35)= .-.1.39, p =.183, and efficiency, t(35)= -.32, p =.749. We found no significant 
differences in performance speed, t(35)= -.32, p =.750, accuracy, t(35)= -.98, p =.334, 
and efficiency, t(35)= -.09, p =.932, in the 20 cm condition either. 
 In conclusion, normally sighted children had a significant better stereopsis than 
children with INS. In the INS group no significant differences in performance were found 
between children with reduced stereopsis and no stereopsis.  
   
Age Effects 
 Figures 4 show MT, EV and RSq plotted as a function of age with regression 
lines representing the linear relation between variables and age, in movements with an 
amplitude of 10 cm. The results for the 20 cm amplitude condition were comparable. 
While controlling for visual acuity, correlation analyses were conducted per vision 
group and target-visibility condition, in movements with an amplitude of 10 and 20 cm 
(Table 2). We controlled for visual acuity because, as expected, positive correlations 
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between age (months) and visual acuity (decimals) were found in the INS and normally 
sighted group, Pearson’s r = .518, p = .001, and Pearson’s r = .355, p = .004, respectively.  
In summary, as a function of age, the similar movement-efficiency changes 
were observed in the children with INS and in the control group. 
 
 
Figure 4. Mean movement time (MT) in seconds (A), endpoint variability (EV) in cm2 (B) and 
Hooke’s portrait linearity (RSq) (C) separately for vision group (normally sighted vs. INS) and 
target visibility condition (visible vs. not visible) plotted as a function of age, for movements with 
an amplitude of 10 cm. The regression lines represent the linear relation between between MT, 
EV and Rsq on the one hand and age on the other. The legend shows regression equation (r) and 
corresponding R2 values per vision group and target visibility condition.  
 
Table 2 Pearson’s r and p values between MT, EV and RSq on the one hand and age on the other, 
for children with normal vision and INS, in movements with an amplitude of 10 and 20 cm with 
visible and invisible targets 
 
 
MT EV RSq 
10 20 10 20 10 20 
Correlation  
age (months) 
VT IVT VT IVT VT IVT VT IVT VT IVT VT IVT 
Normally  
sighted  
r -.57 -.52 -.61 -.51 -.31 -.45 -.35 -.34 .31 0.3 .18 .19 
 
p < .001 < .001 .013 .003 .012 < .001 .005 .005 .012 .022 .357 .129 
INS r -.50 -.35 -.27 -.51 -.35 -.35 -.19 -.52 .51 .44 .21 .39 
 
p .002 .039 .109 .002 .036 .037 .270 .764 .002 .008 .210 .019 
MT, Movement time; EV, Endpoint variability; RSq, Hooke’s portrait linearity; VT, Visible target; 
IVT, Invisible target.  
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Discussion 
 
Performance of Goal-directed Hand Movements in Children with INS 
 With regard to the first hypothesis, we found that children with INS 
performed goal-directed hand movements slower, less accurately (particularly in small 
amplitude movements, i.e., 10 cm), and less harmonic than children with normal vision. 
This seems in contradiction with the study of Reimer et al. (2008), who investigated 
goal-directed aiming in visually impaired children with albinism. They reported a less 
accurate performance for the INS group compared to the normally sighted group but 
found no significant differences between the two groups in speed. The population in 
that study, however, was older (eight years), smaller (N = 11) and included only children 
with albinism. One might argue that the slower movements for the INS group found in 
the present study resulted from longer movement trajectories as consequence of less 
accurate movements. We found evidence against this argument, because there were 
no significant differences in trajectory length between INS and normally sighted 
children. The origin of the slower and less accurate goal-directed movements in 
children with INS should therefore be found by slower or sub-optimal sensorimotor 
processes, which were partly captured by our analyses of harmonicity and its variations 
as a function of visual acuity and target visibility.  
 
Efficiency of Goal-directed Hand Movements in Children with INS 
The analysis of harmonicity provided additional insights in goal-directed 
aiming at the level of sensorimotor coordination. The Hooke’s portraits of children with 
normal vision (Figure 1C) as well as children with INS (Figure 1D) revealed relatively 
non-harmonic movements, resembling those observed in adults performing under high 
precision constraints  (Wijnants et al., 2012). Moreover, children with INS 
demonstrated less harmonic movements than children with normal vision. To 
elaborate, in rhythmical aiming movements, under low-precision constraints a moving 
arm acts as a linear oscillator displaying simple harmonic motion. Kinetic energy built 
up during one movement is stored as potential (elastic) energy in the tendons and 
muscles and released at the reversal point, i.e., that start of the next movement. In this 
way, only little kinetic energy is lost  (Guiard, 1993; Meulenbroek, Vinter, & Desbiez, 
1998). Under high-precision constraints, however, it is likely that high levels of co-
contraction occur in order to arrive precisely and with low speed within the designated 
target area. Such conditions have a negative effect on the harmonicity of the movement 
and the dissipation of kinetic energy (Meulenbroek, Van Galen, Hulstijn, Hulstijn, & 
Bloemsaat, 2005). One way to express the results regarding harmonicity in the present 
study is that children performing aiming movements in a Fitts task seem to experience 
a task difficulty that is “subjectively” higher than adults with the same set of task 
constraints. These less harmonic movements might be interpreted as reflecting less 
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optimal sensorimotor coordination or co-contraction regulation in children than in 
adults, which is accompanied by more dissipation of energy in each stroke. For children 
with INS, the less harmonic movements reflect their suboptimal motor efficiency, which 
is inferior compared to children with normal vision. In other words, the poorer goal-
directed hand movements in the INS group may result from inefficient perception–
action couplings or co-contraction strategies probably because the satisfaction of 
multiple constraints underlying task performance (i.e., fast as well as accurate aiming) 
is more difficult (Wijnants et al., 2012).  
  
The Influence of Vision on Goal-directed Hand Movements in Children with INS 
The analysis of visual acuity and target visibility effects on the motor efficiency 
parameters under scrutiny provided additional insights into the direct and indirect 
influence of vision on goal-directed aiming. All children with INS were visually impaired 
with a visual acuity between 0.4 and 0.05. The degree of visual impairment in the INS 
group was related to both movement speed and accuracy, especially in the condition 
with a lower level of difficulty (10 cm amplitude movements; see Table 2). A lower visual 
acuity was associated with a slower and less accurate performance. A poorer visual 
acuity provided less optimal feedback (even in the conditions with invisible targets, 
because children still had global information of the task setting and their arm) that 
probably directly affected the ability to guide the movement and homing-in to the 
target (Reimer et al., 2008) The degree of visual impairment was not related to 
harmonicity (except for the 10 cm condition with visible targets), which provided 
additional evidence that this is more a sensorimotor coordination problem rather than 
being only a visual perceptual problem.  
 In order to analyze the direct influence of vision on goal-directed aiming, target 
visibility was manipulated. As expected, invisible targets caused slower and less 
accurate movements in children with INS and in children with normal vision. With 
respect to the effect of target visibility, one might expect that the reduced visual 
information would make the INS children’s movements rely more on the other sensory 
systems. However, performance of children with INS was even less accurate than that 
of the children with normal vision when targets were invisible, in the 10 cm condition. 
We interpret the poorer performance of children with INS in the invisible target 
condition from a perception-action perspective (see also Schurink et al., 2011). In this 
context motor control including goal-directed hand movements merges from the 
ongoing interaction between the child and the environment (Bertenthal, 1998; Gibson 
& Pick, 2000; Smitsman & Corbetta, 2010; Thelen & Smith, 1994; Von Hofsten, 2003, 
2004). Within this context, action control, like action development is generally 
approached as a dynamic system in which organismic, environmental and task 
constraints interact to establish optimal patterns of coordination. With development, 
the different action and perception subsystems become more integrated, which results 
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in more effective and adaptive motor behavior (Newell, 1984). In light of this 
perspective, the relatively inefficient movements of the INS children compared to the 
their normally sighted peers, points to a continuous problem in integrating action and 
perception. These problems remain or even exacerbate when visual information was 
reduced (invisible targets). We advocate that these motor control problems are a result 
from the inefficient perception-action integration earlier in live, suggestion a 
developmental problem. In conclusion, we interpret the poorer performance of 
children with INS not as caused by poorer vision directly, because the influence of vision 
was excluded in this condition, but as resulting from an inefficient coupling between 
perception and action.  
This interaction effect for accuracy between group and target visibility was not 
duplicated in the 20 cm condition. Accordingly, the problems with the integration of 
perception and action seem task specific. In arm movements with a larger amplitude, 
children with INS show less (extreme) problems compared to children with normal 
vision. According to Fitts’ law (Fitts, 1954), with target width being kept constant, 
movements with an amplitude of 10 cm are relatively easier than movements with an 
amplitude of 20 cm, the Index of Difficulty being 3 and 4, respectively. So, INS children 
indeed experience a subjective task difficulty that is related not only to the task, but 
also to the inefficiency of their sensorimotor coordination.  
 
Age-specific Differences in Goal-directed Hand Movements 
Regarding the second hypothesis, as expected, in both groups movements of 
older children were more accurate, faster and more harmonic than that of younger 
children. In line with previous research (Weiss & Kelly, 2007; Rydberg, Ericson, 
Lennerstrand, Jacobson, & Lindstedt, 1999), also visual acuity improved with age in 
children with INS and normal vision. One might hypothesize that improvement of goal-
directed behavior results from a better visual acuity for the older children. We present 
two arguments against this hypothesis. First, in the correlation analyses, we controlled 
for visual acuity. Second, age effects in both children with INS and normal vision were 
also present when influence of vision was excluded (invisible targets), so poorer 
performance in the INS group was not caused (solely) by poorer vision. Enhancement 
of goal-directed behavior in older INS children results probably from the improving 
integration of the action and perception subsystems, due to development and 
experience. 
 Although the problems in calibration and integration of perception–action 
subsystems in children with INS seem to be smaller in older children, under certain 
conditions these children still perform less accurately, slower and less harmonic than 
children with normal vision. So, in children with INS, inefficiency of sensorimotor 
control is not fully recovered at the age of eight years. This finding has important clinical 
implications. For rehabilitation purposes, it is important to instigate interventions at a 
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young age (Cox et al., 2009; Reimer, Cox, Nijhuis-Van der Sanden, & Boonstra, 2011). A 
properly developed efficiency of goal-directed hand movements is essential for 
handling objects (for instance a computer mouse or pen), visual aids and other (fine) 
hand and arm activities (Schurink et al., 2011). This emphasizes the importance of these 
results for everyday life. 
 One of the possible causes of inefficiency of the perception–action system is 
that children with INS are less stimulated to interact with their environment because it 
appears less visually detailed and alluring to them and, as a result, provides less 
(obvious) opportunities for action. For example, they do not easily detect small objects 
and details on surfaces in their environment and, therefore, are not challenged as much 
to interact with them, or in a less proficient way at least. This in turn leads to less 
detailed visual inspection, less object manipulation, under-practice of fine-motor skills 
and so on; in other words, they experience a substantial lack of valuable sensory-motor 
experiences. As a result, in INS children, perception and action subsystems are, 
arguably, less integrated and attuned to each other, resulting in less differentiated, 
effective and adaptive goal-directed behavior. The key contribution of the analyses 
presented here is that we should not treat this as a problem of poorer vision alone, but 
instead we should focus on the interaction between perception and action, both for 
diagnostic purposes as well as in intervention.  
 In our study, visually impaired children with INS, including idiopathic INS (N = 
10) and INS with associated visual deficit (N = 27), were investigated. A study weakness 
is that we could not analyze the direct effect of INS on goal-directed behavior, because 
we could not perform nystagmography. A quantification of nystagmus (amplitude and 
frequency) would have been necessary, as well as a separation of the idiopathic INS 
group from the group with INS with associated visual deficit group. Nystagmus 
waveforms can be changed by individuals’ strategies (Thomas et al., 2011) and visual 
demand (Wiggins, Woodhouse, Margrain, Harris, & Erichsen, 2007).  So, ideally the role 
of nystagmus could be analyzed by eye-movement recordings during the task. 
However, eye-movement recording with a high sample frequency and with the 
possibility of free head movements is not yet available. The young age of the children, 
the experimental set up (with a horizontally positioned digitizer) and the load on the 
children during the whole experiment (including ophthalmologic assessment and 
experimental task) all together were reasons to leave out eye-movement recordings. 
The relatively small size of the separate groups was reason to combine them.  
 
Conclusions 
 This study clearly shows age- and task-specific differences in goal-directed 
aiming between children with INS and children with normal vision. The lower speed and 
harmonicity of the movements generated by children with INS alongside their homing-
in problems as reflected by a larger endpoint scatter, specifically for small-amplitude 
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movements, suggest these behavioral differences should be attributed to a perception-
action based association between INS and the efficiency of goal-directed aiming 
movements rather than to visual impairment as such. The educational or clinical 
implication of the analyses presented here is that rehabilitation of children with INS 
should focus on the interaction between perception and action, which preferably 
should be initiated at a young age.  
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Abstract 
Purpose: This study aimed to examine the controllability of cylinder and dome-shaped 
magnifiers in young children with visual impairment.  
Methods: This study investigates goal-directed arm movements in low-vision aid (LVA) 
use (stand and dome magnifier-like object) in a group of young children with visual 
impairment (n=56) compared to a group of children with normal sight (n=66). Children 
with visual impairment and children with normal sight aged 4 to 8 years executed two 
types of movements (cyclic and discrete) in two orientations (vertical or horizontal) 
over two distances (10 cm and 20 cm) with two objects resembling the size and shape 
of regularly prescribed stand and dome magnifiers.  
Results: The visually impaired children performed slower movements than the normally 
sighted children. In both groups the accuracy and speed of the reciprocal aiming 
movements improved significantly with age. Surprisingly, in both groups the 
performance with the dome-shaped object was significantly faster (in the 10-cm 
condition and 20-cm conditions with discrete movements) and more accurate (in the 
20-cm condition) than with the stand-shaped object.  
Conclusion: From a controllability perspective the present study suggests that it is 
better to prescribe dome-shaped than cylinder-shaped magnifiers to young children 
with visual impairment.  
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Introduction 
Visually impaired children have reduced visual functions including perception 
of form and contour, both binocular and monocular, for both distant and near vision 
(see the International Classification of Functioning, Disability and Health for Children 
and Youth; ICF-CY (World Health Organization, 2007). Reduced visual function can 
cause developmental delay during childhood and adolescence, for instance of fine 
motor skills (Liebrand-Schurink et al.,2015; Reimer et al., 2008), which may hamper 
participation in and execution of activities in everyday life at home and at school. The 
inability to perceive small things indeed causes limited interaction with the 
environment at a detailed level. This limited interaction may extend to activities such 
as carrying, moving and handling objects, (fine) hand and arm use and the use of a low 
vision aid (LVA) such as the ‘hand-controlled’ stand and dome magnifier. These 
activities are the target behaviour of the present study. 
For children with visual impairment adequate use of an LVA is essential for the 
execution and participation of everyday activities as listed in the ICF-CY (World Health 
Organization, 2007) such as focusing attention, reading and writing. Current low vision 
rehabilitation including prescription of LVAs focuses on the visual functions of children. 
However, working with an LVA requires not only sensory but also cognitive and motor 
control (Schurink, Cox, Cillessen, van Rens, & Boonstra, 2011) abilities that are still 
developing in young children. Using, for example,  a hand controlled magnifier for 
nearby vision such as a stand magnifier involves exploratory and goal-directed 
movements that rely on basic processes such as the development of eye-hand 
coordination and fine motor skills. Children with visual impairment show a delay in 
motor development (e.g. Houwen et al., 2008; Liebrand-Schurink et al., 2015; Reimer 
et al., 2008), which might affect their ability to make exploratory or goal-directed 
movements with an LVA. To understand how children with a visual impairment deploy 
LVAs, a better apprehension of the specific coordination and control problems that 
occur during the use of an LVA is required.  
 There are a wide variety of LVAs (for an overview, see Schurink et al., 2011) 
with different optical properties and physical characteristics, such as window size, 
magnification factor and control requirements. For grasping and manipulation of these 
LVAs children need to be able to adjust the speed of their arm movements flexibly, 
position their hand appropriately, prepare grip size to the specific size and shape of the 
object and apply sufficient grip forces to stabilize the grasp and move the LVA 
(Johansson & Flanagan, 2009). In young children grasping and manipulation of objects 
is not as smoothly performed and well-coordinated as in adults (Forssberg, Eliasson, 
Kinishita, Johansson, & Westling, 1991; Kuhtz-Buschbeck, Stolze, Jöhnk, Boszek-Funcke, 
& Illert, 1998). In that respect, the physical characteristics (size and shape) of the two 
LVAs might affect the child’s ability to control it. The delay in motor development, 
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including fine motor skills and eye-hand coordination in children with visually 
impairment might stretch the effect of LVA characteristics on controllability even more.  
 In the present study we aimed to investigate the influence of control 
requirements of two frequently prescribed magnifiers in child low vision rehabilitation: 
the stand and dome magnifier. Both magnifiers are hand-controlled optical magnifiers 
for nearby vision that are meant to be navigated while resting on a surface. The stand 
magnifier offers high magnification (6X), is cylinder-shaped, and can be manipulated 
with the entire hand (Fig. 1a). The dome-shaped magnifier has a small ring at the 
bottom and can only be manipulated by two or three fingers (Fig. 1b). The smallest 
dome-shaped magnifier is only available with 1.8x magnification factor. We 
investigated the childrens’ performance with objects that have the same dimensions of 
a stand magnifier or dome magnifier in a dynamical setting. The current study focussed 
on the controllability of the aids, therefore we chose objects instead of real magnifiers. 
Performance was measured in terms of speed and accuracy, because these are relevant 
for magnifier use in everyday tasks. To examine the interaction between visual and 
proprioceptive information over a variety of movement conditions, the type and 
orientation of movements was varied (Reimer et al., 2008).   
 
    
Figure 1 Example of a stand magnifier (A) and example of a dome magnifier (B).  
 
 Based on the earlier research described above, three hypotheses were 
formulated. First, we hypothesized that visually impaired children would perform less 
accurate and slower goal-directed movements with both the cylinder-shaped and 
dome-shaped object compared to children with normal vision. Second, we 
hypothesized that in the group with normally sighted children and the group with 
visually impaired children, older children are more accurate and faster than younger 
children, due to development and experience. Third, although motor control aspects of 
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magnifier objects have not been investigated before, we hypothesized that it would be 
easier for children to control the stand magnifier, because it has a larger handle surface, 
and children can use a fist grip instead of an pincer grip.  
 
Materials and Methods 
 
Participants  
 Participants were 56 children with visual impairment and 66 children with 
normal sight, aged 4 to 8 years. Visually impaired children were included from two 
Dutch vision rehabilitation centres.  Children with normal vision from regular primary 
schools in the Netherlands. Children were included if they had no intellectual and/or 
motor impairments, normal birth weight (≥3000 grams), and birth at term (≥36 weeks 
of gestation). An ophthalmologic assessment was conducted to measure near and 
distance visual acuity, visual fields, and the ability to perceive contrast. Nystagmus 
diagnoses were made after ophthalmological investigation. All children with visual 
impairment had visual acuities ≤0.4 and ≥0.05 (E-chart, 6 m) in the better eye. Children 
with normal vision had visual acuities ≥0.8. The study was approved by an accredited 
Medical Review Ethics Committee (CMO-Arnhem Nijmegen) and all protocols adhered 
to the guidelines of the Declaration of Helsinki. Informed consent was obtained from 
the participants’ parents after explanation of the nature of the study.  
 
Ophthalmological Examination 
 Diagnoses of the children with visual impairment are shown in Table 1. 
Distance visual acuity was measured monocularly and binocurlarly with correction with 
the C-test (Haase & Hohmann, 1982) at 5 m and the E-chart (Taylor, 1978) at 6 m under 
controlled lighting conditions in an ophthalmological setting. Near-visual acuity was 
determined binocularly with the LH line charts (Hyvärinen & Lindstedt, 1981; 
Hyvärinen, Näsänen, & Laurinen, 1980) and the C-test (Huurneman, Boonstra, Cillessen, 
van Rens, & Cox, 2012) at 40 cm. A gross estimation of the visual field was obtained by 
confrontational techniques. Central scotomas could not be tested with perimetry in 
these young children, but loss of function in the central area was observed when the 
child performed near-vision tasks. A gross estimation of the visual field was obtained 
by confrontational techniques, to secure full view at the digitizer tablet. After 
cycloplegia (as in Somers, Casteels, Van Roie, Spileers, & Casteels, 2015), slit-lamp 
examination, and funduscopy and objective refraction were obtained, and, if necessary, 
the spectacle correction was prescribed or changed before the experiment started. One 
child with normal sight and 45 children with visual impairment wore glasses. All children 
with glasses had to wear them during the entire study.  
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Table 1 Types of visual impairment and distance visual acuity in the group of children with 
visual impairment. 
Child Age VA* Primary diagnosis Nystagmus 
(+) 
Amblyopia 
(+) 
110 4 0.2 Congenital Stationary Night 
Blindness 
  
124 4 0.24 Juvenile X-linked retinoschisis 
  
142 4 0.2 Congenital nystagmus + 
 
144 4 0.12 Albinism + 
 
145 4 0.06 Albinism + 
 
150 4 0.08 Albinism + 
 
158 4 0.1 Achromatopsia  + 
 
105 5 0.06 Congenital cataract (aphakia) 
  
113 5 0.24 Juvenile X-linked retinoschisis  
  
118 5 0.36 Congenital Stationary Night 
Blindness 
  
120 5 0.06 Achromatopsia  + 
 
125 5 0.24 Juvenile X-linked retinoschisis 
  
130 5 0.2 Albinism + 
 
134 5 0.12 Albinism + 
 
138 5 0.2 Albinism + 
 
143 5 0.24 Congenital nystagmus + 
 
146 5 0.25 Juvenile X-linked retinoschisis  
  
152 5 0.2 Hypermetropia (>4 D) 
 
+ (Strabism) 
161 5 0.24 Retinitis Pigmentosa 
  
172 5 0.2 Congenital nystagmus  + 
 
107 6 0.36 Hypermetropia (>4D) + 
 
116 6 0.08 Albinism + 
 
117 6 0.12 Albinism + 
 
123 6 0.36 Albinism, myopia >6D + 
 
132 6 0.18 Myopia (high>6D) + 
 
136 6 0.36 Congenital nystagmus + 
 
141 6 0.12 Congenital cataract (aphakia) + 
 
149 6 0.24 Congenital nystagmus + 
 
156 6 0.15 Congenital glaucoma, 
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Child Age VA* Primary diagnosis Nystagmus 
(+) 
Amblyopia 
(+) 
160 6 0.36 Hypermetropia (>4D) 
  
165 6 0.12 Congenital nystagmus + 
 
101 7 0.12 Albinism + 
 
103 7 0.24 Congenital nystagmus + 
 
119 7 0.36 Albinism + 
 
121 7 0.36 Albinism, myopia (>6D) 
  
126 7 0.36 Congenital nystagmus  + + (Strabism) 
127 7 0.36 Albinism 
  
133 7 0.3 Cone dystrophy, myopia (>6D) 
  
135 7 0.12 Congenital glaucoma 
  
139 7 0.36 Papildysplasia + + (Strabism) 
140 7 0.35 Corneal opacities 
  
147 7 0.36 Congenital Stationary Night 
Blindness 
  
174 7 0.2 Albinism  + 
 
109 8 0.18 Congenital cataract (aphakia) + 
 
112 8 0.36 Congenital nystagmus + 
 
114 8 0.24 Albinism + 
 
115 8 0.3 Cone dystrophy, myopia (>6D) 
  
131 8 0.24 Congenital Stationary Night 
Blindness 
+ 
 
154 8 0.3 Congenital Stationary Night 
Blindness 
+ 
 
159 8 0.2 Albinism + 
 
163 8 0.24 Juvenile X linked  retinoschisis + 
 
164 8 0.24 Albinism + 
 
167 8 0.12 Congenital Stationary Night 
Blindness 
+ 
 
168 8 0.36 Congenital nystagmus + 
 
169 8 0.4 Aniridia + 
 
175 8 0.36 Coloboma irides 
  
 
Material and Procedure 
 In the experiment the children were asked to perform goal-directed arm 
movements with an object (see below) over the surface of a digitizer (sample rate 144 
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Hz; Wacom, Saitama, Japan; type 21ux) that was situated horizontally in front of the 
child. The digitizer was positioned horizontally in front of the child’s body midline.  The 
child was sitting on an chair that was adjustable in height, so as to guarantee a 
comfortable working posture. The digitizer displayed two circles (diameter 25 mm) that 
acted as the start and end-location of each movement. Children were asked to perform 
accurate and fast movements between start and end target, as in a Fitts’ paradigm 
(Fitts, 1954). The movements were performed with two types of objects. One object 
was shaped and sized like a cylinder-shaped stand magnifier (diameter 56 mm; height 
49 mm; Fig 1A), and the other like a dome magnifier (diameter 47 mm; height of 
grasping area 9mm; Fig 1B). An electronic sensor was placed in the centre of the object 
allowing X and Y dimensions of movement to be recorded over time. The children were 
instructed to hold the object like they would hold the magnifier and perform two types 
of movements (cyclic and discrete) in two orientations (vertical and horizontal) and with 
two distances (10 cm and 20 cm between centre of start and end-target). The children 
performed all conditions. The order in which they performed the conditions was 
randomly assigned. In the discrete condition, goal-directed movements were drawn as 
10 single strokes. The children placed the object at the start target. Then the end-target 
appeared simultaneously with an auditory ‘go’ signal. After this signal, the child moved 
the object as fast and accurate to the target area. In the cyclic condition, reciprocal goal-
directed movements were asked that consisted of continuous back-and-forth 
movements in 5-s intervals, starting after an auditory ‘go’ signal and stopping after a 
‘stop’ signal.  
 
Data Analysis 
 Raw position data were filtered (low-pass Butterworth filter, cut-off frequency 
6 Hz (Meulenbroek et al., 2001). Data of both cyclic and discrete conditions were 
segmented into full strokes (movement from start to target). The first and last stroke 
for the cyclic condition were not entered into the analysis due to large variations. Cyclic 
movements were segmented by using amplitude information of position data to assess 
the start and end of the stroke. The start (and end) of the discrete movements were 
found by means of a semiautomatic search procedure starting from the middle of each 
trajectory and finding the samples at which the object velocity exceeded (or subceeded) 
a threshold of 10 mm/s. For each stroke, movement time (MT) and mean end-point 
error (ME) were calculated. MT was defined as the duration of a single stroke from start 
to end in seconds. A lower score on MT indicates a faster performance. ME was defined 
as the distance between the centre-of-object position at the end of the stroke and the 
centre of the end-target in centimetres. A lower score on ME indicates a more accurate 
performance.  
 For both dependent variables, the data were averaged over the repetition of 
each task condition. A general linear model procedure was carried out, with age and 
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vision group as between-subjects factors, and object, type and orientation as within-
subjects factors.  Alpha was set at .05 and LSD correction was used to adjust the 
inflation of alpha due to multiple comparisons. Only two-way interaction effects 
including group, age or object are reported, in accordance with our research objectives.  
 
Results 
The analyses focused on the differences in performance between vision 
groups, across age groups, and between objects. Table 2 presents group averages and 
standard deviations for MT and ME as a function of object, type and orientation of the 
movements in respectively 10 or 20 cm condition, with F and p values for object, type, 
orientation, and group effects. Table 3 shows averages and standard deviations of MT 
and ME for children with visual impairment and children with normal sight distributed 
over age groups and object.  
 
Speed 
The children with visual impairment moved slower as compared to the children with 
normal sight when performing the goal-directed movements with the magnifier-like 
objects (Table 2). Furthermore, age effects were found in both groups in the 10-cm 
condition, F(1, 98) = 11.18, p < .001, and the 20-cm condition, F(1, 95) = 7.43, p < .001. 
Post hoc analyses revealed that the four and five-year olds performed the movements 
slower than the six, seven and eight-year olds. Interaction effects between movement 
type and age in the 10-cm condition, F(4, 98) = 5.00, p = .001, and the 20-cm condition, 
F(4, 96) =  5.69, p < .001, revealed that age effects were stronger for the cyclic condition 
than for the discrete condition (Fig. 2a and 2b).  
 
          A                 B 
Figure 2 MT in seconds for children with visual impairment (VI) and children with normal sight 
(NS) for the cyclic and discrete movements in the 10 cm condition (A)  and in the 20-cm condition 
(B). 
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With respect to type of object, in the 10-cm condition both groups made faster 
movements with the dome-shaped object compared to the cylinder-shaped object 
(Table 2). In the 20-cm condition, an interaction effect between object and type was 
found,  F(1, 95) = 11.63, p = .001 (Fig. 3).  
 
 
 
Figure 3 Mean and standard deviations of MT in seconds for children with visual impairment and 
children with normal sight in the cyclic and discrete conditions with the stand and dome 
magnifier, in the 20-cm condition. 
 
Accuracy 
 No differences were found between vision groups for ME (Table 2). There were 
age effects for ME in both groups in the 10-cm condition, F(1, 98) = 5.17, p = .001, and 
the 20-cm condition, F(1, 95) = 2.71 p = .035. Post hoc analyses revealed that the four-
year olds performed less accurate movements than the five, six, seven and eight-year 
olds (Table 2).  
 With respect to type of object in the 20-cm conditions, the children in both 
groups were more accurate with the dome-shaped object than with the cylinder-
shaped object  (Table 2). In the 10-cm condition, we found an interaction effect 
between age and object, F(1, 98) = 2.87, p = .027 (Table 2).  
 All children demonstrates smaller ME on discrete movements than on cyclic 
movements. Orientation had ambiguous effects on ME (Table 2). 
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Discussion 
 The purpose of this study was to examine the controllability of cylinder and 
dome shaped magnifiers in young children with visual impairment. In line with previous 
research (e.g. Liebrand-Schurink et al., 2015; Reimer et al., 2008; Webber et al., 2008), 
and our hypothesis, the results confirmed that children with visual impairment differed 
from peers with normal sight in motor performance. The main and new finding of this 
study is that children with visual impairment performed slower but not less accurate 
movements than children with normal sight with both magnifier-like objects. Given the 
trade-off that inherently exists between speed and accuracy, visually impaired children 
might (unconsciously) adopt an efficient strategy. They preserve the desired accuracy 
by slowing down their movements. 
 Regarding our second hypothesis, as expected, in both groups the older 
children performed faster and more accurate movements than the younger children. 
More specifically, the four and five year-old children with visual impairment and 
children with normal sight performed slower goal directed movement than the six, 
seven and eight year olds. The four year old children with visual impairment and 
children with normal sight were less accurate in positioning the object on the target, 
than the five, six, seven and eight year olds. This is in line with a study of Smits-
Engelsman, Sugden and Duysens (2006) in which six year old children with normal sight 
performed slower (larger movement time) and less accurate (larger endpoint area) 
movements than eight year old children when performing reciprocal goal directed 
movements with a puppet in cyclic and discrete conditions. Better performance in 
terms of both speed and accuracy for the older children might be caused by more 
experience and practice. Absence of interaction effects between vision and age groups 
indicates that the delay in performance (speed) of aiming movements of visually 
impaired children does not recover with age to the same level as children with normal 
sight. At least not at the age of eight.  
 Interestingly, children with visual impairment as well as children with normal 
sight performed faster in the cyclic condition compared to the discrete condition, 
although this difference is smaller for the six, seven and eight-year-olds. The role of 
visual perception is different for cyclic compared to discrete movements. In cyclic 
movements, for example in handwriting, vision is thought to be used for monitoring 
action (Van Galen, Smyth, Meulenbroek, & Hylkema, 1989). When subjects wrote a 
letter sequence without vision, their spatial variability did not differ from the condition 
with vision. This suggests a fairly weak relationship between visual input and movement 
output (van Doorn & Keuss, 1992). On the contrary, discrete movements depend on 
vision for on-line control. Discrete hand movements, such as reaching or pointing, are 
accompanied by saccadic eye movements that typically begin prior to movement 
initiation of the arm (Gribble, Everling, Ford, & Mattar, 2002). The online control of 
vision was demonstrated by more corrective movements during the trajectory of 
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discrete movements compared to cyclic movements (Smits-Engelsman et al., 2002). 
Furthermore, a study of visually impaired children with albinism, found that having less 
visual information seems to influence the fluency of discrete movements more than the 
cyclic movements (Reimer et al., 2008). Hence, from a developmental perspective the 
interaction effect suggests that younger children perform better on tasks that are less 
dependent on vision, but that from the age of six task performance relying more on 
vision becomes better.  
Especially relevant for low-vision rehabilitation are the differences in 
performance between the cylinder-shaped and dome-shaped object. As far as we 
know, properties of the object have not been explicitly manipulated or investigated in 
goal directed movements performed by children. In previous studies children either 
perform these kind of movements with their finger (Hay, 1981), a pen (Smits-Engelsman 
et al., 2006; Smits-Engelsman et al., 2003; Sugden, 1980) or a puppet (Reimer et al., 
2008). In this study the cylinder-shaped and dome-shaped objects seem to influence 
the performance of both children with visual impairment and children with normal 
sight. Performance with the dome-shaped object was faster in the 10-cm condition, and 
in the 20-cm condition for the discrete movements (Fig. 3). Performance with the 
dome-shaped object was more accurate in the 20-cm condition than with the cylinder-
shaped object. We hypothesized that it would be easier for young children to control 
the stand object, because it can be manipulated and controlled with the entire hand, 
while the dome magnifier can only be manipulated by holding the ring at the bottom 
between two or three fingers. Nevertheless, we found that children performed better 
with the dome-shaped object. A possible explanation might be found in the size of the 
objects. The dome-shaped object is smaller than the stand-shaped object and might 
therefore be more suitable for children’s small hands.  
Unfortunately, the weight of the objects differed slightly from that of the real 
magnifiers. The two objects were created out of the same material: polyacetaal. 
Because the stand-shaped object was slightly larger, mass was also higher (168 g) than 
the dome-shaped object (67 g), which might influence the results slightly in favour of 
the dome object. On the other hand, due to the similar materials the difference in 
friction is probably small. 
Thus, when considering the controllability of magnifier use, as we focussed on 
in this study, the dome magnifier seems the better choice for young children with visual 
impairment. However, other aspects like magnification factor and viewing behaviour 
(i.e. angel and distance between eye and magnifier) also play a role in real-life magnifier 
use. Considering perceptual factors, looking through a stand magnifier can only be done 
from directly above with restricted distance and monocular, whereas looking through 
a dome magnifier can be done from an angle, albeit restricted, and binocular. In young 
children monocular accommodation and vergence is not fully developed yet 
(Bharadwaj & Candy, 2008). The monocular adult-like gain ratios were attained at 
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around 7-10 years for accommodation and 17 years for vergence, when viewing a high-
contrasted picture or a movie that was moved between 80 and 33 cm from the 
participant (Bharadwaj & Candy, 2008). On the other hand, the stand magnifier offers 
higher magnification (6X) than the dome-shaped magnifier (1.8x). Four-to-six-year-old 
visually impaired children were able to use a stand magnifier to follow a trail of symbols 
(Cox et al., 2009). In order to draw firm conclusions about low-vision prescription in 
children with visual impairment these perceptual aspects could also be included in 
future research. 
 
Improvement of fine motor skills, especially as they pertain to LVA use, must 
be seen as high priority in low vision rehabilitation (see also Reimer, Cox, Nijhuis-Van 
der Sanden, & Boonstra, 2011). We advocated in an earlier study that motor control 
problems in visually impaired children are a result from the inefficient perception-
action integration earlier in life, suggesting a developmental problem (Liebrand-
Schurink et al., 2015). Therefore, initiating rehabilitation at an early age is very 
important. Previous research reported that children with visual impairment benefitted 
from training, for example the magnifier training designed by Cox et al. (2009). The 
latter study demonstrated that an intensive visual-attention training improved 3.5-6 
years children with visual impairment’s performance with a magnifier. Moreover, their 
fine motor skills, as measured with the ManuVis test (Smits-Engelsman, 2003) improved 
as well due to the magnifier training (Reimer et al., 2011). Rehabilitation in children 
with visual impairment should focus especially on improving the speed of sensorimotor 
skills. For example, the magnifier training could be adjusted in such a way that more 
attention is directed to the speed of the performance. 
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Abstract 
This study examined the developing efficiency of magnifier movements in 4-to-8 year-
old children with visual impairment (n = 56) and a control group of age-matched 
children with normal vision (n = 66). Children were asked to navigate two objects that 
were similar in shape to a stand magnifier and a dome magnifier. There were three 
measures of motor efficiency: a harmonicity index obtained from acceleration profiles 
(RSq) and the peak over mean velocity ratio (POMV) as indices of energy expenditure, 
and the relative moment of maximum velocity (MomVMax) to capture the degree to 
which movement corrections were added during movement completion. RSq was 
higher for older children than for younger children. Children with visual impairment had 
a lower RSq and a higher POMV than children with normal vision. The dome-like object 
showed a lower RSq, a lower MomVmax, and a higher POMV than the stand-like object. 
Together, the measures provided new insights into object displacement in children by 
showing that, as expected, the (magnifier-like) object movements of children with 
visual impairment were less efficient than those of normally sighted children. Age-
related improvements in movement efficiency, however, were surprisingly comparable 
in both groups. 
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Introduction 
Electronic devices play an increasingly important role in communication in 
today’s society. Children with visual impairment, however, often have to rely on 
mechanical visual aids - such as handheld magnifiers - to access printed text. Handling 
such tools requires a certain level of fine motor skill. Unfortunately, children with visual 
impairment often have poorer fine and gross motor skills, goal-directed aiming, and 
postural control than children with normal vision (Bouchard & Tetreault, 2000; 
Brambring, 2001; Celeste, 2002; Haibach, Wagner, & Lieberman, 2014; Houwen, 
Visscher, Lemmink, & Hartman, 2008; Reimer, Cox, Boonstra, & Smits-Engelsman, 2008; 
Reimer, Cox, Boonstra, & Nijhhuis-van der Sanden, 2015; Reynell, 1978; Sleeuwenhoek, 
Boter, & Vermeer, 1995). Studies have shown poorer motor performance in children 
with Infantile Nystagmus Syndrome (INS; Liebrand-Schurink et al., 2015), albinism 
(Reimer et al., 2008), and other diagnoses related to visual deficits (Bouchard & 
Tetreault, 2000; Brambring, 2001; Celeste, 2002; Haibach et al., 2014; Houwen et al., 
2008; Reimer et al., 2015; Reynell, 1978). Few attempts have been made to uncover 
the nature of this poorer motor performance of children with visual impairment. 
Moreover, studies examining whether such poorer performance is age-dependent are 
lacking. To fill this gap, in the current study we examined various aspects of the motor 
efficiency of goal-directed hand movements with objects of children with visual 
impairment. This study included children with visual impairment as well as children with 
normal vision in a broad age range and used a selection of motor-efficiency measures. 
Therefore, this study can further clarify whether and how the poorer motor 
performance of children with visual impairment changes or is compensated for with 
increasing age. 
 
Recently, we provided an initial description of the efficiency of goal-directed 
hand movements in children with visual impairment diagnosed with INS (Liebrand-
Schurink et al., 2015). We analyzed efficiency by means of a harmonicity index of 
acceleration profiles. Analyzing motor efficiency in this way was quite novel for the field 
of visual impairment research (Liebrand-Schurink et al., 2015) although it has been used 
successfully elsewhere (Guiard, 1993; Mottet & Bootsma, 1999; Wijnants, Cox, 
Hasselman, Bosman, & Van Orden, 2012). In our study, 37 children with INS and 65 
children with normal vision, aged 4 to 8 years, performed goal-directed movements. 
Children with INS made slower and less accurate goal-directed hand movements with 
less harmonic acceleration profiles than children with normal vision. The less harmonic 
movements of children with INS were interpreted as a reflection of suboptimal 
sensorimotor coordination involving more energy dissipation in movement generation 
than strictly necessary (Liebrand-Schurink et al., 2015). 
In a Fitts’ aiming task (Fitts, 1954), the harmonicity of acceleration profiles 
provides a valuable description of the efficiency of motor control because it captures 
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the exploitation of elastic energy (Guiard, 1993). Under low-precision constraints, 
rhythmical (cyclic) arm movements are controlled in such a way that the elastic 
properties of the neuromuscular system are exploited as in a mass-spring system. 
Active movement generation and passive movement consequences are thus efficiently 
combined. Muscular and other tissues function as a spring that elastically stores and 
releases mechanical energy (Turvey, 1990). Practically, the harmonicity index of the 
acceleration versus displacement plot (Guiard, 1993) provides a straightforward 
quantitative estimate of the efficiency of sensorimotor control (Mottet & Bootsma, 
1999; Wijnants et al., 2012). A more harmonic motion corresponds to a more 
(energetically) efficient motor performance. 
Parameters of velocity profiles provide additional insight into the quality of the 
control of goal-directed hand movements. In general, the velocity profiles of discrete 
aiming movements are positively skewed and bell-shaped (Flash & Hogan, 1985). 
Discrete aiming movements usually are performed at such a speed that corrective 
submovements need to be performed near the end as the movement evolves 
(Crossman & Goodeve, 1983). The velocity profiles of cyclic movements are typically 
symmetrical and sinusoidal, (Nelson, 1983) with less corrective submovements. 
In the present study we investigated the age-related motor efficiency of 
(magnifier-like) object movements in children with visual impairment in a broad age 
range by means of the three motor-efficiency measures: the harmonicity index, peak 
over mean velocity, and the moment of maximum velocity. We used a Fitts aiming task 
(Fitts, 1954) that requires participants to perform accurate and fast movements 
between two target areas. Children performed the aiming movements with two 
different objects on a digitizer. There were two objects similar in size and shape to a 
stand magnifier and a dome magnifier (see Figure 1). Children were asked to perform 
two types of aiming movements (cyclic and discrete) in two movement orientations 
(vertical and horizontal) and over two movement amplitudes (10 cm and 20 cm). The 
children, task and objects were the same as described in Chapter 4, but the present 
study reported motor efficiency measures instead of performance measures. The 
analyses of the motor efficiency measures focused on the differences in performance 
between vision groups (children with visual impairment vs. children with normal vision) 
and across age groups (4-, 5-, 6-, 7-, and 8-year olds). 
Based on the studies referred to above three hypotheses and one exploratory 
question were formulated. The first two hypotheses were aimed at analyzing age 
changes in the motor efficiency of goal-directed hand movements. First, we expected 
that harmonicity would increase with age as an indicator of increasing motor efficiency 
with age. Second, we hypothesized that the typical differences in the POMV of velocity 
profiles between discrete and cyclic movements in adults (Flash & Hogan, 1985; Nelson, 
1983) would also be found in children. The third and core hypothesis of this study 
regarded the motor efficiency of the (magnifier-like) object movements of children with 
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visual impairment. We expected that children with visual impairment would make less 
efficient movements than children with normal vision as indicated by a lower 
harmonicity index of the acceleration profiles (Bootsma et al., 2004; Liebrand-Schurink 
et al., 2015; Mottet & Bootsma, 1999; Wijnants et al., 2012). This relative motor 
inefficiency was expected to be accompanied by larger POMVs due to more corrective 
submovements. Fourth and finally, we compared the harmonicity profiles of the 
displacements made with the stand-like object and the dome-like object. Since the lack 
of previous research in this area provides no basis for a clear expectation, this 
comparison was exploratory. 
 
Methods 
 
Participants 
Participants were 4 to 8 year old children with visual impairment (n = 56) and 
normal vision (n = 66). Children were selected from two Dutch vision rehabilitation 
centres and from regular primary schools in the Netherlands. Near and distance visual 
acuity, visual fields, and the ability to perceive contrast were measured with an 
ophthalmologic assessment. Children with visual impairment were included if they had 
visual acuity between 0.05 and 0.4 (E-chart, 6 m) in the better eye, birth at term (≥36 
weeks of gestation), normal birth weight (≥3000 grams), normal developmental level, 
and no additional impairments. Furthermore the children who participated had never 
used a low vision aid prior to the experiment. Participants’ parents gave informed 
consent in accordance with the Declaration of Helsinki. The Medical Review Ethics 
Committee (CMO-Arnhem Nijmegen) approved the study. 
 
Ophthalmological Examination 
Table 1 shows the age, distance visual acuity and diagnoses of the children with 
visual impairment. Near and visual acuity, visual field, fundoscopy and cycloplegia 
measures were conducted with correction in an ophthalmological setting under 
controlled lighting conditions. Distance visual acuity was determined monocularly and 
binocularly with the C-test (Haase & Hohmann, 1982) at 5 m and the E-chart (Taylor, 
1978) at 6 m. Near-visual acuity was measured binocularly with the LH line charts 
(Hyvärinen & Lindstedt, 1981; Hyvärinen, Näsänen, & Laurinen, 1980) and the C-test 
(Hohmann & Haase, 1982) at 40 cm. Children with glasses wore them during the 
experiment. If necessary, the spectacle correction was prescribed or changed prior to 
the experiment. 
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Table 1 Types of visual impairment and distance visual acuity in the group of children with 
visual impairment. 
Child Age VA* Primary diagnosis Nystagmus  Amblyopia 
110 4 0.2 Congenital Stationary Night 
Blindness 
  
124 4 0.24 Juvenile X-linked retinoschisis 
  
142 4 0.2 Congenital nystagmus Nystagmus 
 
144 4 0.12 Albinism Nystagmus 
 
145 4 0.06 Albinism Nystagmus 
 
150 4 0.08 Albinism Nystagmus 
 
158 4 0.1 Achromatopsia  Nystagmus 
 
105 5 0.06 Congenital cataract (aphakia) 
  
113 5 0.24 Juvenile X-linked retinoschisis  
  
118 5 0.36 Congenital Stationary Night 
Blindness 
  
120 5 0.06 Achromatopsia  Nystagmus 
 
125 5 0.24 Juvenile X-linked retinoschisis 
  
130 5 0.2 Albinism Nystagmus 
 
134 5 0.12 Albinism Nystagmus 
 
138 5 0.2 Albinism Nystagmus 
 
143 5 0.24 Congenital nystagmus Nystagmus 
 
146 5 0.25 Juvenile X-linked retinoschisis  
  
152 5 0.2 Hypermetropia (>4 D) 
 
Amblyopia 
(Strabismus) 
161 5 0.24 Retinitis Pigmentosa 
  
172 5 0.2 Congenital nystagmus  Nystagmus 
 
107 6 0.36 Hypermetropia (>4D) Nystagmus 
 
116 6 0.08 Albinism Nystagmus 
 
117 6 0.12 Albinism Nystagmus 
 
123 6 0.36 Albinism, myopia >6D Nystagmus 
 
132 6 0.18 Myopia (high>6D) Nystagmus 
 
136 6 0.36 Congenital nystagmus Nystagmus 
 
141 6 0.12 Congenital cataract (aphakia) Nystagmus 
 
149 6 0.24 Congenital nystagmus Nystagmus 
 
156 6 0.15 Congenital glaucoma, 
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Child Age VA* Primary diagnosis Nystagmus  Amblyopia 
160 6 0.36 Hypermetropia (>4D) 
  
165 6 0.12 Congenital nystagmus Nystagmus 
 
101 7 0.12 Albinism Nystagmus 
 
103 7 0.24 Congenital nystagmus Nystagmus 
 
119 7 0.36 Albinism Nystagmus 
 
121 7 0.36 Albinism, myopia (>6D) 
  
126 7 0.36 Congenital nystagmus  Nystagmus Amblyopia 
(Strabismus) 
127 7 0.36 Albinism 
  
133 7 0.3 Cone dystrophy, myopia (>6D) 
  
135 7 0.12 Congenital glaucoma 
  
139 7 0.36 Papildysplasia Nystagmus Amblyopia 
(Strabismus) 
140 7 0.35 Corneal opacities 
  
147 7 0.36 Congenital Stationary Night 
Blindness 
  
174 7 0.2 Albinism  Nystagmus 
 
109 8 0.18 Congenital cataract (aphakia) Nystagmus 
 
112 8 0.36 Congenital nystagmus Nystagmus 
 
114 8 0.24 Albinism Nystagmus 
 
115 8 0.3 Cone dystrophy, myopia (>6D) 
  
131 8 0.24 Congenital Stationary Night 
Blindness 
Nystagmus 
 
154 8 0.3 Congenital Stationary Night 
Blindness 
Nystagmus 
 
159 8 0.2 Albinism Nystagmus 
 
163 8 0.24 Juvenile X linked  retinoschisis Nystagmus 
 
164 8 0.24 Albinism Nystagmus 
 
167 8 0.12 Congenital Stationary Night 
Blindness 
Nystagmus 
 
168 8 0.36 Congenital nystagmus Nystagmus 
 
169 8 0.4 Aniridia Nystagmus 
 
175 8 0.36 Coloboma irides 
  
* dec. VA as measured with E-gratings (distance acuity) 
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Material and Procedure 
In the experiment, according to Fitts’ paradigm (Fitts, 1954), children moved 
an object between two locations as quickly and accurately as possible. Children 
executed their goal-directed arm movements over the surface of a digitizer (sample 
rate 144 Hz; Wacom, Saitama, Japan; type 21ux) in front of them. Children sat on a 
height-adjustable chair to create a comfortable working posture with space to freely 
move the arm and hand. The conditions of the experiment were chosen to resemble 
everyday tasks. The start and end locations of each movement were displayed by the 
digitizer as two circles (25 mm). Movements were performed with objects that 
resembled ‘hand controlled’ low vision aids that are frequently prescribed to children. 
Both low vision aids demand movements over an surface, like a book. One object was 
shaped and sized like a stand magnifier ( 56 mm; height 49 mm; 168 g; see Figure 1a; 
this is also Figure 1a Chapter 4); the other like a dome magnifier ( 47 mm; height 
grasping area 9 mm; 67 g; see Figure 1b; this is also Figure 1b Chapter 4). A stand 
magnifier can be manipulated and controlled with the entire hand, while a dome 
magnifier can only be manipulated by holding the ring at the bottom between two or 
three fingers. Note that the present task did not require magnifier emulation of any 
kind, and so the optical properties of the devices were irrelevant. 
  
Figure 1 Picture of a stand magnifier (A) and a dome magnifier (B).  
 
An electronic sensor for the digitizer was built in the centre of the object 
allowing the X and Y dimensions of movements to be recorded over time. Children 
performed two types of movements (cyclic and discrete) in two movement orientations 
(vertical and horizontal) and with two movement amplitudes (10 cm and 20 cm, 
between start and end target). The Index of Difficulty (ID) as specified by Fitts’ law was 
the ratio between target size and amplitude between targets. For this study, given a 
fixed target size of 2.5 cm, ID was 3 at 10 cm amplitude and 4 at 20 cm amplitude. The 
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order of conditions was random. Reciprocal goal-directed movements in the cyclic 
condition consisted of back-and-forth movements in continuous series for 5 seconds 
that started after an auditory start signal and stopped after an end signal. Reciprocal 
goal-directed movements in the discrete condition were made as 10 single strokes that 
started after a start signal and stopped after reaching the target area. 
 
Data Analysis 
Raw data were filtered with a low-pass Butterworth filter (cut-off frequency 6 
Hz; Meulenbroek, Cox, & Thomassen, 2001) and segmented in strokes. For the cyclic 
condition, the first and last stroke were not included in the analysis. Cyclic movements 
were segmented by using stroke amplitude information from the position data to 
determine the start and end of the stroke. The start and end of a discrete movement 
were found by tracing from the middle of the trajectory (maximum velocity) until object 
velocity fell below 10 mm/s. For each stroke the following variables were calculated: 
RSquare (RSq) of the linear fit of the acceleration versus displacement plot, ratio of 
peak-over-mean velocity (POMV), and moment of maximum speed (MomVMax). RSq is 
an efficiency index of the acceleration profile. POMV and MomVMax are efficiency 
indices of the velocity profile. RSq is a measure of linearity that corresponds to the 
harmonicity of the movement and has been used in research on goal-directed aiming 
before (Liebrand-Schurink et al., 2015). For the assessment of the harmonicity of the 
movement, an acceleration versus displacement plot or Hooke’s portrait (Figure 2A and 
2B) was constructed for each individual stroke (Bootsma et al., 2004; Guiard, 1993; 
Mottet & Bootsma, 1999; Wijnants et al., 2012). We used linear regression to fit a 
straight line onto each individual Hooke’s portrait. RSq quantifies how well the 
acceleration profile approximates a straight line: a higher RSq indicated a more linear 
acceleration profile corresponding to a more harmonious motion. Conceptually, the 
harmonicity of cyclic movements reflects the efficiency with which kinetic energy is 
recycled during back-and-forth movements. In cyclic movements relatively little energy 
is lost toward the end of the movement, resulting in acceleration profiles that should 
approach linear graphs (Bootsma et al., 2004; Guiard, 1993; Mottet & Bootsma, 1999; 
Wijnants et al., 2012). For discrete movements, harmonicity indices reflect the 
efficiency with which potential energy built up during acceleration is dissipated during 
deceleration and coming to a halt at the goal (target). 
POMV is a standardised measure of the velocity profile and was calculated by 
dividing peak velocity by mean velocity. For MomVMax one stroke was divided into 100 
equal-size segments and velocity was calculated for each segment. MomVMax is 
defined as the segment that corresponded with the highest velocity, expressed as the 
percentage from the start of the movement.  
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A                             B 
Figure 2 Depicts the acceleration displacement plots of 10 horizontal strokes produced by a 
representative child with normal vision (A) and a representative child with visual impairment (B). 
A linear regression line was fitted for each individual stroke and through all the points constituting 
the acceleration profile of that stroke. The red line in constitutes the mean fit over all strokes as 
a demonstration. The RSq value is an index ranging from 0 to 1, quantifying how well the curve 
approximates this straight line (in [A], mean RSq is 0.67; in [B], mean RSq is 0.71). The arc-like 
endings at each side of an acceleration profile, which are larger in nonharmonic movements, 
reduce the fit of the regression line, resulting in lower RSq. This corresponds to a less (kinetically) 
efficient motor performance. This figure is also Figure 1C and D in Chapter 3 
 
In general, the velocity profiles of discrete aiming movements are positively 
skewed and bell-shaped with a POMV that approximates 2.0 (Flash & Hogan, 1985). The 
velocity profiles of cyclic movements are typically symmetrical and sinusoidal with a 
POMV that approximates 1.6 (Nelson, 1983). Cyclic movements with less corrective 
submovements are indicated by a lower peak over mean velocity. 
 
For the three dependent variables in the analysis (RSq, POMV, MomVMax), 
averages per condition were entered into SPSS for each child. We conducted an ANOVA 
with vision group and age in years as between-subjects factors, and object type (stand-
like vs. dome-like), movement type (cyclic vs. discrete), movement amplitude (10 cm 
vs. 20 cm), and movement orientation (horizontal vs. vertical) as within-subjects 
factors. Alpha was set at .05, and LSD correction was used to adjust for inflation of alpha 
due to multiple comparisons. In accordance with the hypotheses, significant main 
effects and two-way interaction effects including group, age, or object type were 
considered. 
 
Results 
Table 2 presents group averages and standard deviations for the three 
dependent variables by object type and by movement amplitude, type, and orientation, 
together with test statistics. 
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Acceleration Profile 
Figure 2 depicts representative acceleration versus displacement plots of a 
child with visual impairment (Figure 2C) and a child with normal vision (Figure 2D) in 
cyclic horizontal movements with a stand-like object. Both acceleration profiles show 
nonharmonic motion, displayed by the asymmetric N-shape. Children with visual 
impairment had a lower average RSq than children with normal vision, indicating less 
harmonic motion (Table 2). There was a main effect of age for RSq, F(4, 99) = 17.62, p < 
.001 (Figure 3). There was no interaction between group and age for RSq F(4, 99) = .86, 
p = .491. Post-hoc analyses revealed significant differences between all age groups, 
except between 7- and 8-year-olds. An interaction between movement type and age 
revealed a larger age effect for discrete movements, F(4, 99) = 4.41, p = .003, than for 
cyclic movements (Figure 3). 
 
 
Figure 3 RSquare (RSq) in the in the cyclic and discrete conditions for children with visual 
impairment and children with normal sight in the five age group. 
 
With respect to movement amplitude, both children with visual impairment 
and normal vision had higher RSq for smaller movements (10 cm) than for larger 
movements (20 cm) (Table 2). Furthermore, RSq varied with movement type and 
movement orientation in both groups. Cyclic movements had higher RSq than discrete 
movements and horizontal movements had higher RSq than vertical movements. 
Finally, children with visual impairment and children with normal vision 
demonstrated higher RSq with the stand-like object than with the dome-like object 
(Table 2). 
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Velocity Profile 
MomVMax and POMV describe the velocity profile of the movements. Discrete 
movements of children with visual impairment and children with normal vision resulted 
in a POMV of 1.97 and 1.96 on average, respectively. The average POMV for cyclic 
movements was 1.62 for children with visual impairment and 1.58 for children with 
normal vision. Children with visual impairment showed larger POMV than children with 
normal vision (Table 2). There were no age effects for POMV or MomVmax. There was 
no significant interaction between group and age for POMV, F(4, 99) = 1.06, p = .382, 
or MomVmax, F(4, 99) = .44, p = .781. However, there was an interaction between age 
and movement type for POMV, F(4, 99) = 5.81, p <.001 (Figure 4). Post-hoc analyses 
revealed that children’s POMV decreased at the age of 8 years for discrete movements. 
 
 
Figure 4 Peak over mean velocity (POMV) in the cyclic and discrete conditions for children with 
visual impairment and children with normal sight in the five age groups. 
 
With respect to movement amplitude, both groups showed higher POMV in 
movements with a larger amplitude (20 cm, ID = 4) than in movements with a smaller 
amplitude (10 cm, ID = 3) (Table 2). POMV varied with movement type and movement 
orientation in both groups (Table 2). 
Peak velocities were reached earlier with the dome-like object than with the 
stand-like object (Table 2). Both groups showed higher POMV with the dome-like object 
than with the stand-like object. An interaction between movement amplitude and 
object type, F(1, 99) = 6.71, p = .011, revealed that differences between the two objects 
were larger in movements with a larger amplitude (Figure 5). There also was an 
interaction between object type and age for MomVMax, F(4, 99) = 2.62, p = .040. The 
difference between stand-like and dome-like objects was significantly larger for 5-year-
olds than for 8-year-olds, p = .014 (Figure 6). 
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Figure 5 Peak over mean velocity (POMV) in the conditions in the small amplitude (10 cm; Index 
of Difficulty = 3) and large amplitude condition (20 cm; Index of Difficulty = 4) for children with 
visual impairment (VI) and children with normal sight (NS). 
 
 
 
Figure 6 Moment of maximum speed (MomVMax) in the conditions with stand and dome 
object for children with visual impairment (VI) and children with normal sight (NS) in the five 
age groups. 
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Discussion 
In this study we investigated the age related changes in motor efficiency of 
goal-directed hand movements in 4-to-8 year-old children with visual impairment, 
compared to children with normal vision while displacing a dome-magnifier like and a 
stand-magnifier like objects. These objects were chosen because they represent low-
vision aids that children often use. The acceleration profiles of children with visual 
impairment (Figure 1a) and children with normal vision (Figure 1b) revealed 
nonharmonic movements, displayed by an asymmetric N-shape that resembled those 
of adults performing such movements under high precision constraints (Wijnants et al., 
2012). 
Harmonicity of movements increased with age in both groups. Even though 
children with visual impairment demonstrated fewer harmonic movements than 
children with normal vision (Table 2), the improvement with age was not affected by 
their visual impairment, which held across the entire age range of this study. This is in 
line with earlier research from our group reporting less efficient movements in terms 
of harmonicity in children with Infantile Nystagmus Syndrome (INS) than in children 
with normal vision in the age range of 4 to 8 years (Liebrand-Schurink et al., 2015). 
Furthermore, children with visual impairment showed higher POMV than children with 
normal vision indicating that more corrective submovements were made. This means 
that these movements were less efficient (Smits-Engelsman, van Galen, & Duysens, 
2002; Ziviani, 1983). Thus, the less harmonic movements with more corrective 
submovements of children with visual impairment reflected their less optimal 
movement efficiency. 
The POMVs of children with visual impairment and normal vision were 1.62 
and 1.58, respectively, for cyclic movements, and 1.97 and 1.96, respectively, for 
discrete movements. The acceleration profiles demonstrated that, as expected, 
children performed more harmonic motion in cyclic movements than in discrete 
movements. However, the typical symmetrical differences of velocity profiles between 
cyclic and discrete movements were not found in terms of the moment of maximum 
velocity. Typically, the velocity profiles of cyclic movements are symmetrical and 
sinusoidal (Nelson, 1983), while the velocity profiles of discrete aiming movements are 
positively skewed and bell-shaped (Flash & Hogan, 1985). Here, for children with visual 
impairment and for children with normal vision, cyclic movements (MomVmax 51.9% 
and 52.2%, respectively) and discrete movements (MomVmax 52.0% and 52.8%, 
respectively) approached symmetry. 
In this study children with visual impairment and children with normal vision 
demonstrated more harmonic acceleration profiles with increasing age. The 
improvements with age were comparable between children with visual impairment and 
children with normal vision. Accuracy and speed of aiming movements also change with 
age in children with visual impairments and normal vision (Liebrand-Schurink et al., 
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2016). These results indicate that children’s perception-action system develops with 
age, but is not at the level of adults at the age of 8. 
 
Magnifier-like Objects 
The movement objects in this study resembled two popular (handheld) 
magnifiers. Although the optical properties were irrelevant and the task did not require 
magnifier emulation of any kind, the physical appearance (i.e., size and shape) of the 
objects was identical. The results seem ambiguous regarding the influence of object 
properties on goal-directed movements. 
On the one hand, children reached maximum velocity earlier (i.e., showed 
more symmetric velocity patterns) with the dome-like object than with the stand-like 
object. This suggests that children show a less symmetric velocity profile with a stand-
like object, which is a more difficult task, than with a dome-like object. This is in line 
with the faster and more accurate movements with the dome-like object than with the 
stand-like object in children with a visual impairment and children with normal vision 
(Liebrand-Schurink et al., 2016). 
On the other hand, children demonstrated more harmonic (higher RSq and 
smaller POMV) motion with the stand-like object than with the dome-like object. From 
a controllability point of view, a stand magnifier, and thus the stand-like object, can be 
manipulated with the entire hand, while a dome magnifier, and thus the dome-like 
object, can only be manipulated with two or three fingers. To manipulate the dome-like 
object the tripod grip (as used for instance in handwriting) appears suitable. In general, 
children between the ages of 4 and 6 years develop dynamic tripod grips and refine 
their grip between the age of 7 and 14 years (Rosenbloom & Horton, 1971; Schneck, 
1990; Schneck & Henderson, 1990; Ziviani, 1983). The development of the tripod grip 
in young children, which is necessary for manipulation of the dome-like object, might 
explain their better scores (POMV and Rsq) for the stand-like object. 
Unfortunately, the weight of the objects differed slightly from that of the 
actual magnifiers. The two objects were constructed out of the same material, 
polyacetaal. Because the stand-like object was slightly larger, its mass was also larger 
(168 g) than that of the dome-like object (67 g), which might have influenced the results 
in favour of the dome-like object. However, due to the similar smooth material the 
difference in friction because of the mass difference was probably small. 
 
Perceptuomotor Development and Subjective Task Difficulty 
As expected, children with visual impairment demonstrated less efficient 
motion than the children with normal vision. As with adults (Smits-Engelsman et al., 
2002; Wijnants et al., 2012), movement amplitude affected harmonicity. Children 
performed more harmonic motion in movements with a smaller amplitude than in 
movements with a larger amplitude. In research with adults a cyclic movement in a 
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Fitts’ task under low precision constrains (low ID) constitutes a simple harmonic motion, 
indicated by a symmetric velocity profile and a linear acceleration profile (e.g., 
Bootsma, 1998, 2004; Mottet, 1999; Wijnants, 2012). Well-developed adult-like 
perceptuomotor coordination in a low-ID task is revealed through harmonic motion as 
well, with optimal conservation of energy during the movement phases. However, 
higher task difficulty as a result of increased constraints on perception-action 
subsystems causes more nonharmonic motion with more dissipation of energy. For 
discrete movements, harmonicity indices reflect the efficiency with which energy built 
up during acceleration is dissipated during deceleration and stopping at the goal 
(target). Following this reasoning, one could argue that nonharmonic motion 
corresponds to less effective and efficient perception-action coupling. 
In a way, children performing aiming movements in a Fitts task experience a 
higher subjective task difficulty, leading to less optimal (i.e., less than adult-like) 
movement coordination. This, consequently, results in less harmonious movements 
and higher energy dissipation (Liebrand-Schurink et al., 2015). The effect of subjective 
task difficulty was larger for children with visual impairment than for children with 
normal vision, demonstrated by higher POMV ratios and lower RSq. 
Importantly, subjective task difficulty cannot be viewed purely as a task 
constraint (Newell, 1984), but resides partly within the child, not as an organismic 
constraint but as a child-task-object constraint (cf., Schurink, Cox, Cillessen, van Rens, 
& Boonstra, 2011). As a corollary our findings suggests that the nonharmonic motion of 
children in both vision groups may have been caused by underdeveloped 
perceptuomotor coordination, with more severe underdevelopment in children with 
visual impairment. In an underdeveloped perception-action system attunement to the 
environment and the coordination of multiple constraints underlying task performance 
are not yet optimal (Liebrand-Schurink et al., 2015). In children with visual impairment 
this might be due to a lack of interaction between child and environment during (early) 
childhood (Reimer et al., 2015). For example, the reduced ability to perceive small 
objects and detail could result in limited and lower-quality (perceptuomotor) 
interaction with the environment. This can restrict participation and the execution of 
activities such as carrying, moving, and handling objects. The essential lesson from our 
analyses is that we should focus on the interaction between perception and action, for 
scientific, diagnostic, as well as intervention purposes. 
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Abstract 
Purpose. The main objective of this study was to analyze the effectiveness and 
efficiency of magnifier use in children with visual impairment who did not use a low 
vision aid (LVA) earlier, in an ecologically valid goal-directed perceptuomotor task. 
Methods. Participants were 29 4-to-8 year old children with visual impairment and 47 
age-matched children with normal vision. After seeing a first symbol (an LH symbol), 
children were instructed to (1) move the stand magnifier as quickly as possible towards 
a small target symbol (another LH symbol that could only be seen by using the 
magnifier), (2) compare the two symbols, and (3) move the magnifier to one of two 
response areas to indicate whether the two symbols were identical. Performance was 
measured in terms of accuracy, response time, identification time, and movement time. 
Viewing distance, as well as hand and eye dominance while using the magnifier was 
assessed. 
Results. There were no significant differences between the two groups in accuracy, 
reaction time, and movement time. Contrary to the prediction, children with visual 
impairment required less time to identify small symbols than children with normal 
vision. Both within-subject and between-subject variability in viewing distance were 
smaller in the visually impaired group than in the normally sighted group. In the visually 
impaired group, a larger viewing distance was associated with shorter identification 
time, which in turn was associated with higher accuracy. In the normally sighted group, 
a faster movement with the magnifier and a faster identification were associated with 
increasing age.  
Conclusions. The findings indicate that children with visual impairment can use the 
stand magnifier adequately and efficiently. The normally sighted children show an age 
related development in movement time and identification time and show more 
variability in viewing distance, which is not found in visually impaired children. Visually 
impaired children seem to choose a standard but less adaptive strategy in which they 
primarily used their preferred hand to manipulate the magnifier and their preferred eye 
to identify the symbol.  
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Introduction 
For children with visual impairment, adequate use of a low vision aid (LVA) 
such as a magnifier is essential for everyday activities. Using an LVA has several 
advantages for visually impaired children (Cox et al., 2009; Huurneman et al., 2013; 
Schurink et al., 2011), but also demands complex behavior. There is a considerable gap 
in our understanding of LVA use in children and the specific problems and challenges 
they encounter. Previous research on LVA use has focused primarily on reading in 
adults. These studies provided valuable insights in, for example, the page navigation 
problem and oculomotor control (see, for a review see, Schurink et al., 2011). When 
children read a text with a magnifier, they see only a few characters at the time and 
must redirect the magnifier to incrementally process the characters forming a word, a 
process repeatedly occurring to read words (Beckmann & Legge, 1996). Children exploit 
visual information to direct the magnifier over the text (Phase 1) and at the same time 
exploit visual information for reading and understanding the text (Phase 2). The page 
navigation problem illustrates the alternation between Phases 1 and 2 during reading 
with a magnifier. When moving from word to word, the nature and relative influence 
of visual and control-related information constantly changes smoothly when action 
unfolds. At the end of a line, when the reader redirects the magnifier to the beginning 
of the next line, the ‘balance’ changes abruptly from visually-related to control-related 
information. 
Efficient magnifier use requires motor skills, especially in Phase 1. The 
integration of sensory and motor systems is essential in the development of goal-
directed action in infants (Ferronato, Domellof, & Ronnqvist, 2014) and children’s hand 
movements have not completed full maturation yet (Rueckriegel et al., 2008). 
Furthermore, children with visual impairment often show delayed motor development 
(Aki et al., 2008; Bouchard & Tetreault, 2000; Brambring, 2001; Celeste, 2002; Grant & 
Moseley, 2011; Houwen et al., 2008; Lions, Bui Quoc, Wiener-Vacher, & Bucci, 2014; 
Lions et al., 2013; Reimer et al., 2008; Reynell, 1978c; Sleeuwenhoek & Boter, 1995) 
which might affect their ability to control the magnifier. The complexity of the task 
relates to the required level of motor and cognitive abilities (Schurink et al., 2011); a 
static task requires a lower level of motor and cognitive abilities than a dynamic task 
that entails simultaneous control of multiple action parameters. For example, research 
has shown that children with a developmental level of 2 years were capable of 
successfully performing a static magnifier task in which they had to name or match 
pictures and small objects with the use of a magnifier (Ritchie, Sonksen, & Gould, 1989), 
whereas children older than 3.5 years could successfully perform a dynamic trail-
making task in which they had to navigate the magnifier across a surface to follow a 
trail of symbols (Cox et al., 2007, 2009). One study that examined motor control of an 
object that matched the size and shape of a stand magnifier, but did not provide 
magnification of any kind, found that visually impaired children with Infantile 
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Nystagmus Syndrome, aged 4-8 years, performed slower, less accurate, and less 
efficient movements than normally sighted children (Liebrand-Schurink et al., 2015). 
Efficient magnifier use requires perceptual skills such as visual information 
pick-up, accommodation, and monocular viewing to pick up the LVA-enlarged visual 
information, especially in Phase 2. The literature on children’s ability to efficiently use 
a magnifier is scarce. The visual system has considerable plasticity in infancy and 
childhood (Vedamurthy, Suttle, Alexander, & Asper, 2008) and the effect of maturation 
on everyday LVA use is unknown. One study examined the use of a 90 mm diameter 
glass dome-magnifier with enlarged print in children with visual impairment 
(Huurneman et al., 2013). The investigators chose a magnifier with a large field of view 
and complete line coverage so that children did not need to move the magnifier and 
navigational demands could be excluded as a confounder. They concluded that a 
magnifier is equally effective as large print in improving the performance of these 
children on a near vision task (Huurneman et al., 2013). 
The main objective of this study was to analyze the effectiveness and efficiency 
of magnifier use in an ecologically valid task (meaning that the task approximates real-
life settings) in children with visual impairment who had no previous experience with a 
LVA. The children that participated were four to eight years old. There are two reasons 
for choosing this age group. First, the introduction of a LVA early in a child’s life, around 
the age of four, would be beneficial from a developmental perspective, because this is 
before children start to read, at this age children are less vulnerable to stigmatizing and 
it could partly prevent developmental delays (see, Schurink et al., 2011). Second, the 
effect of maturation and development on everyday LVA use is unknown, therefore a 
wider age range was chosen. Visual impairment was defined as a visual acuity ≤0.4 (0.4 
LogMAR) and ≥0.05 (1.30 Log MAR) in the better eye. The task consisted of identifying 
small symbols with a commonly used stand magnifier. The stand magnifier was chosen 
because it offers stable vision (Lee & Cho, 2007) and high magnification (6x) and can be 
manipulated with the entire hand. A sharp image can be attained by looking through 
the magnifier with one eye. 
We expected both children with visual impairment and children with normal 
vision to perform the task with the magnifier effectively. We hypothesized that both 
groups would be equally successful, because symbol size was adjusted to the child’s 
visual acuity. Two hypotheses were tested regarding the efficiency of LVA use. First, we 
hypothesized that visually impaired children would need more time than normally 
sighted children in Phase 1, which primarily involves goal-directed arm movements with 
the LVA. This hypothesis was based on studies showing that fine and gross motor skills 
and goal directed movements are less well developed in children with visual 
impairment than in children with normal vision (Aki et al., 2008; Bouchard & Tetreault, 
2000b; Brambring, 2001; Celeste, 2002; Houwen et al., 2008; Liebrand-Schurink et al., 
2015; Lions et al., 2013; Reynell, 1978; Sleeuwenhoek & Boter, 1995). Second, we 
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hypothesized that visually impaired children would need more time to identify a symbol 
under threshold than normally-sighted children in Phase 2, because they have less 
experience with small details. Young children are used to accommodate when 
stimulated with details. This accommodative response is strong and is performed 
together with convergence (Bharadwaj and Candy, 2008). Binocular identification of 
details by accommodation and convergence is a normal response of young children who 
start to study tiny objects from the age of 1,5 or 2 years. However visually impaired 
children appeared to be late in the development of this identification task. In a study 
with magnifier use in visually impaired children we observed that most of these children 
needed more time to study small details while typically developing children do not need 
this time (Cox et al., 2009; Boonstra et al., 2012). In this study both normally sighted 
and visually impaired children had no prior experience with LVA’s.   
 
Material and Methods 
 
Participants 
Participants were 29 children with visual impairment (Mage = 78 months; M 
visual acuity = 0.22 Snellen or 0.65 LogMAR) from client databases of Dutch vision 
rehabilitation centers and 47 children with normal sight (Mage = 79 months; M visual 
acuity = 1.00 or 0 LogMAR) from a regular primary school in the Netherlands, aged 4 to 
8 years. An ophthalmologic exam was conducted to measure near and distance visual 
acuity, visual fields, and perception of contrast. Children were included if there were no 
known or reported intellectual and/or physical impairments, and if they had no 
previous LVA experience, normal birth weight (≥ 3000 grams) and were born at term (≥ 
36 weeks of gestation). Information regarding birth and the presence of additional 
impairments was obtained from (medical) records from either the school or the 
rehabilitation centre. All children attended regular primary schools. Children with visual 
impairment were included if they had visual acuities between 0.4 (0.40 LogMAR) and 
0.05 (1.30 LogMAR) in the better eye (E-chart, 6 m). Children with normal vision were 
included if they had visual acuities better than 0.8 (0.10 LogMAR). The study was 
approved by an accredited Medical Review Ethics Committee (CMO-Arnhem 
Nijmegen), and all protocols adhered to the guidelines of the Declaration of Helsinki. 
Informed consent was obtained from the parents of all children in the study. 
 
Ophthalmological Examination 
Table 1 shows the clinical details of the children with visual impairment. 
Distance visual acuity was measured monocularly and binocularly with correction with 
the Landolt C-test (Haase & Hohmann, 1982) at 5 m and the Illitterate E-chart (Taylor,  
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Table 1. Clinical characteristics of children with visual impairment. 
  DVA†    
Child  Age, 
y 
RE LE Bino NVA‡ Diagnosis Refractive Correction 
1 4 0.8 0.8 0.9 0.8 Idiopathic INS R: S: +0.25 C: -0.75 ax: 166  
L: S: +0.50 C: -1.00 ax: 16 
2 6 1.0 1.0 1.0 1.0 Achromatopsia, 
INS 
R: S: +3.50 C: -3.50 ax: 8  
L: S: +3.25 C: -2.50 ax: 174 
3 4 1.4 1.4 1.4 1.2 Aniridia, INS R: -4.75 C: -2.00 ax: 180  
L: S: -4.5 C: -1.25 ax: 5 
4 7 0.7 0.7 0.6 0.6 CSNB, INS R: S: -3.75 C: -1.25 ax: 45  
L: S: -3.50 C: -0.75 ax: 95 
5 8 0.6 0.7 0.5 0.8 Idiopathic INS No correction  
 
6 5 1.0 1.2 0.9 0.9 Aniridia, INS R: S: +3.75 C: -1.50 ax: 180  
L: S: +3.25 C: -2.50 ax: 174 
7 5 1.4 1.1 0.9 1.0 Albinism, INS 
 
No correction 
8 6 0.7 0.8 0.7 0.6 CNSB  R: S: -6.50 C: -1.50 ax: 176  
L: S: -7.00 C: -1.50 ax: 155 
9 8 0.5 1.0 0.4 0.4 Hypermetropia, 
INS  
R: S: +0.50 C: -2.50 ax: 14  
L: S: +1.00 C: -3.75 ax: 155 
10 5 0.3 0.3 0.3 0.5 Cone dystrpohy R: S: -6.00 C: -1.00 ax: 2  
L: S: -6.75 C: -0.75 ax: 50 
11 5 1.1 1.1 1.0 1.2 Albinism, INS R: S: +2.00C: -0.50 ax: 180  
L: S: +3.75 C: -0.50 ax: 180 
12 7 0.6 0.6 0.6 0.6 Idiopathic INS R: S: +3.25 C: -1.25 ax: 8  
L: S: +2.75 C: -1.25 ax: 180 
13 5 1.1 1.1 1.0 1.1 Albinism, INS R: S: +4.00  
L: S: +4.00 
14 4 0.6 0.5 0.6 0.5 CSNB R: S: -7.25 C: -1.25 ax: 120  
L: S: -7.25 C: -1.75 ax: 75 
15 7 0.6 0.6 0.5 0.5 Ocular motility 
disorder 
No correction  
 
16 6 0.7 0.6 0.6 0.7 Myopia R: S: -5.00 C: -3.25 ax: 2  
L: S: -5.00 C: -3.25 ax: 1 
17 5 0.8 0.8 0.7 0.8 Macular 
hypoplasie 
R: S: +2.50 C: -2.00 ax: 177  
L: S: +2.25 C: -1.75 ax: 7 
18 5 0.6 nm 0.6 0.4 Idiopathic INS 
 
No correction  
19 5 0.8 0.8 0.7 0.7 Idiopathic INS R: S: +2.00 C: -1 ax: 180  
L: S: +2.00 C: -1 ax: 170 
20 9 0.5 0.6 0.4 0.4 Albinism, INS R: S: +1.50 C: -2.00 ax: 180  
L: S: +1.50 C: -1.25 ax: 175 
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  DVA†    
Child  Age, 
y 
RE LE Bino NVA‡ Diagnosis Refractive Correction 
21 6 1.1  0.8  0.7 0.6 Congenital 
cataract 
(aphakia) 
R: S: +2.5 C:-2.5 ax: 180 
L: S: +2.5 C:-1.5 ax: 180 
22 7 0.9 1.1 0.8 0.8 Albinism, INS R: S: +0.50 C: -1.25 ax: 105  
L: S: +plano C: -0.50 ax: 48 
23 7 0.9 1.1 0.8 0.8 Idiopathic INS R: S: +2.00 C: -1.25 ax: 172  
L: S: +2.25 C: -0.50 ax: 6 
24 8 0.4 0.4 0.4 0.3 Idiopathic INS R: S: +4.50  
L: S: +3.50 C: -0.50 ax: 180 
25 6 0.8 1.0 0.5 0.5 Idiopathic INS R: S +2.00 C: -1.5 ax: 130 
L: S +3.00 C: -1.5 ax: 160 
26 6 1.4 1.0 1.0 1.1 Albinism, INS R: S: +4.25 C: -2.50 ax: 10  
L: S: +4.75 C: -2.00 ax: 170 
27 5 0.8 0.8 0.8 0.7 Albinism R: S: +3.50 C: -1.25 ax: 177  
L: S: +3.00 C: -1.25 ax: 172 
28 7 1.1 1.1 0.8 0.9 Albinism, INS R: S: +1.75 C: -2.00 ax: 5  
L: S: +2.75 C: -2.50 ax: 172 
29 5 0.8 0.7 0.7 0.8 Idiopathic INS R: S: +1.00  
L: S: +1.50  
† Distance visual acuity (DVA) with C-test crowded version 2.6′ spacing at 5 m (LogMAR) 
‡ Near visual acuity (NVA) measured with C-test crowded version 2.6′ spacing at 40cm (LogMAR) 
CSNB, congenital stationary night Blindness 
Distance visual acuity of child nr. 10 was 0.3 LogMAR, but near visual acuity was 0.5 LogMAR and 
therefore the child was included in the study.  
 
1978) at 6 m under controlled lighting conditions in an ophthalmological setting. Near-
visual acuity (used to establish M-value threshold) was determined binocularly with the 
LH version of the C-test at 40 cm (Huurneman et al., 2012). Stereopsis was assessed 
with the Titmus Fly Test (Hasche et al., 2001), and if possible the TNO-test (a red-green 
system; Walraven, 1975). An orthoptic examination was performed by orthoptists who 
performed an alternate cover test, a cover-uncover test, and if necessary the 4 diopter 
base out prism test. A gross estimation of the visual field was obtained by 
confrontational techniques to secure full view at the digitizer tablet. Finally, a 
cycloplegia slit-lamp examination, funduscopy and objective refraction were obtained, 
and, if necessary, the spectacle correction was prescribed or changed. A new 
appointment was made for baseline measurement if a new correction was prescribed. 
All children with glasses wore them during the entire experiment. 
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Material and Procedure 
The visual aid used in this study was a 23.0 diopter (aspheric lens) stand 
magnifier (Eschenbach, Nürnberg, Germany) with a magnification of 6 times, and an 
equivalent viewing distance (EVD) of 4.3 cm. The magnifier is 48 mm in height and its 
lens housing has a diameter of 52 mm with a built in camera (see Figure 1A). These 
dimensions make it suitable for young children to manipulate it with one or two hands. 
The magnifier is fit for monocular use, which is not always easy for young children 
(Bharadwaj & Candy, 2008). However, this magnifier was chosen to ensure that the 
subjects were unable to see the characters without the use of the magnifier. During 
task performance,  the children were allowed to choose their own distance, because 
the task was supposed to be ecologically valid and should resemble an everyday 
situation in which children could choose their own strategy. They chose a distance of 
about 5-10 cm. which represents a magnification of about 10/4.3 = 2.3x. In order to 
create the need of looking through the magnifier and avoid the risk of looking besides 
the magnifier we opted for higher magnification and smaller symbol size. In the 
experiment children moved the stand magnifier over the surface of a digitizer (sample 
rate 144 Hz; Wacom, Saitama, Japan; type 21ux) that was positioned horizontally in 
front of the child. The child sat on a height-adjustable chair to guarantee a comfortable 
working posture. An electronic sensor (coil) was placed in the center of the magnifier 
allowing X and Y movement dimensions to be recorded over time. A small camera (Pen 
camera, video resolution: 1281 x 960; video frame rate 30 FPS) was mounted inside the 
magnifier in order to record eye fixation (magnifier camera; Figure 1a). The magnifier-
mounted camera did not interfere with children’s view through the magnifier. A camera 
placed in front of the child recorded their performance during the entire task (task-
camera). 
  
A                 B 
Figure 1A) The magnifier with the camera build in and B) an example of the information that was 
presented in the task. The start circle, large symbol (square), match-area(smiling icon), and non-
match-area (sad icon) are displayed by the digitizer. The LH symbols 3 steps below threshold were 
printed on the sheet that was placed on top of the digitizer. During the experiment one of the LH 
symbol was encircled (in this example the third symbol from the left) to indicate to which symbol 
the magnifier should be moved (target symbol) 
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The digitizer displayed a start circle ( 60mm), a large symbol (60 x 60 mm), a 
target for a matching response at the left side of the screen (match area; icon of a happy 
face;  50mm) and a target for a non-matching response at the right side of the screen 
(non-match area; icon of a sad face;  50mm) (see Figure 1b). The large symbol was 
one of the LH symbols: square, circle, house, and apple (Hyvarinen et al., 1980) A sheet 
with printed LH symbols 3 steps below threshold was placed on top of the digitizer. We 
presented the symbols three LogMAR steps below M-value threshold so that children 
had to use the magnifier. In this way, the symbols were small enough to prevent 
children from seeing the symbols with their bare eyes, but large enough to identify 
them with the magnifier. Before the experiment started, we tested if the children were 
able to see the small symbols with the magnifier. We adjusted the task to their 
individual visual acuity to ensure equal difficulty for visually impaired and normally 
sighted children. The symbols were positioned at seven locations in an arc on top of the 
screen to allow the same distance (175 mm) between start position and symbol for all 
symbols (see Figure 1B). Except for the location of the symbols the sheet was 
transparent so that children were able to see the elements displayed by the digitizer 
(start circle, large symbol, match area; and non-match area). 
The child had to place the magnifier at the start position and look at the large 
symbol. After 5 seconds the task started with an auditory signal and one of the small 
printed LH symbols was highlighted by a circle (target symbol; see Figure 1b). The child 
was instructed to move the magnifier as quickly as possible to the encircled symbol and 
then identify the symbol with the magnifier. In order to do so the child had to move 
head and eye in the right position. If the identified symbol was the same as the large 
matching symbol in the middle of the screen, the child had to move the magnifier to 
the match area. If the identified symbol differed from the large symbol, the child had 
to move the magnifier to the non-match area. This was repeated six times until all seven 
symbols were identified. Symbols were randomly presented. All children were given 
seven practice trials for the experiment started. 
 
Data Analysis 
Object position data were filtered (low-pass Butterworth filter, cut-off 
frequency 6 Hz; (Meulenbroek et al., 2001). For each trial, success rate, reaction time, 
movement time symbol, identification time, and movement time decision were 
calculated based on position and velocity data (see Figure 2). Success rate is defined as 
the percentage of correct responses of the total number of responses. A response was 
‘correct’ when the child moved the magnifier to the match area in case of matching 
symbols or when the child moved the magnifier to the non-match area in case of non-
matching symbols. The start and end of reaction time, movement time symbol, 
identification time, and movement time decision were calculated by the moment the 
magnifier’s velocity exceeded (start movement) or fell below (end movement) 10 mm/s 
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and the magnifier’s position was inside or outside relevant areas (start circle, symbol 
circle, match area, or non-match area). Reaction time was the time the child needed to 
start the movement, defined as the time between the start of the trial and the start of 
the child’s movement. Movement time symbol was the time the child needed to move 
the magnifier from the start position to the target symbol. Identification time was the 
time the child needed to identify the target symbol, which was the time the magnifier 
stayed still at the symbol. MTD was the time the child needed to move the magnifier 
from the symbol to the response area (match or non-match area). 
In addition to these performance measures, video-recordings of each trial 
were made in order to obtain objective measures of the distance between child and 
magnifier (lens-to-magnifier distance) and eye and hand use during the task. Video-
recordings of the magnifier and task cameras were synchronized with the object 
position data. Position data established the three phases of the task (movement time 
symbol, identification time, movement time decision). Two independent raters 
estimated viewing distance in cm using the height of the magnifier (6 cm) and hand 
width (10 cm) as indicators. Inter-rater reliability was determined with Cohen’s Kappa 
(Huurneman et al., 2013). The raters also determined hand dominance (right, left, 
bimanual, or bimanual sequential, i.e., child switches hand) during the three phases of 
the task. Video-recordings of the camera in the magnifier were made to determine task-
specific eye dominance: the eye with which the child looked through the magnifier 
(right or left) at the moment of identification. Two independent raters established the 
eye the child used during identification time in every trial. 
Several tests were used to assess children’s general hand and eye dominance. 
Hand dominance tests were based on items of the Edinburgh Inventory (Oldfield, 1971). 
Children were asked to write, draw, use a spoon, throw a ball, and cut a piece of paper. 
Each item was assessed three times. To test eye dominance children were asked to look 
through an ocular and through a piece of paper with a hole in the middle (Dolman 
method/hole-in-the-card test). Each item was assessed two times. 
For each time variable, the data from each trial was entered into SPSS. Success 
rate per child was also entered into SPSS. An arcsin-transformation was applied to allow 
general linear model procedures. An ANOVA was conducted for all dependent variables 
with vision group as a between-subjects factor, age as a covariate, and trial as a within-
subjects factor. Alpha was set at .05 and LSD correction was used. If age effects were 
significant, additional Pearson correlations were computed per vision group. Pearson 
correlations were computed for the associations of viewing distance with identification 
time and identification time with success rate. Test and task dominance were compared 
between groups with the nonparametric Wilcoxon Signed-Rank Test because of 
unequal variances and skewed distributions. Pearson correlations were computed to 
assess the impact of dominant hand use on the movement time and success rate. 
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Results 
The results regarding performance in terms of success rate, reaction, 
movement and identification times are presented below. Success rate is defined as the 
percentage of correct responses of the total number of responses. Reaction time is 
defined as the time between the start of the trial and the start of the child’s movement. 
Movement time symbol was the time the child needed to move the magnifier from the 
start position to the target symbol. Identification time was the time the child needed to 
identify the target symbol. Movement time decision was the time the child needed to 
move the magnifier from the symbol to the response area (see Figure 2). 
 
Figure 2 The position (A) and velocity profile (B) produced by one representative child with 
normal vision. The circles show the transitions between the different phases of the task: Reaction 
Time (RT), Movement Time Symbol (MTS), Identification Time (IdT) and Movement Time Decision 
(MTD) 
 
Success Rate 
For both children with visual impairment and children with normal sight, 
success rate differed significantly from chance (50%), t(28) = 8.73, p < .001, and t(46) = 
10.93, p < .001, respectively. There was no significant difference in success rate 
between the visually impaired group (M = 80%, SD = 50%) and the normally sighted 
group (M = 84%, SD = 52%), F(1, 75) = .048, p = .828. 
 
Reaction and Movement Times 
Figure 3 shows reaction and movement times. There were no significant 
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differences between visually impaired and normally sighted children for reaction time, 
F(1, 73) = 0.32, p = 0.858, movement time symbol, F(1, 73) = 1.43, p = 0.237, and 
movement time decision, F(1, 73) = 1.06, p = 0.317. The effect of age approached 
significance for movement time symbol, F(1, 73) = 3.63, p = 0.062. There was no 
association between movement time and age in the visually impaired group, r = -.28, 
p= .146, but a significant association in the normally sighted group, r = -.31, p= .033, 
indicating faster performance with increasing age in the normally sighted group (Figure 
4A). 
 
 
Figure 3 Mean and standard deviations of Reaction Time (RT), Movement Time 1 (MTS), 
Identification Time (IdT) and Movement Time Decision (MTD) in seconds for visually impaired (VI) 
and normally sighted (NS) children. The figure depicts the p-value of the significant difference 
between normally sighted and visually impaired children for IdT 
 
Identification Time 
There was a significant group difference for identification time, F(1, 73) = 9.09, 
p = .004, Cohen’s d = -.43. Visually impaired children (M = 2.9 sec) required less time to 
identify the small symbols than normally sighted children (M =3.4 sec; Figure 3). There 
was an age effect for IdT, F(1, 73) = 9.91, p = .003 (Figure 4b), indicating faster 
identification of symbols with increasing age. There was a significant correlation 
between identification time and age in the normally sighted group, r = -.46, p = .001, 
and a trend in the visually impaired group, r = -.35, p = .062 (Figure 4b).  
Figure 5 shows success rate in relation to identification time. There was a 
significant and moderate correlation between success rate and identification time, 
controlled for age, in the visually impaired group, r = -.58, p= .001, but no significant 
correlation in the normally sighted group, r = -.15, p = .332. In the visually impaired 
group, a shorter identification time was associated with a better success rate. 
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A     B 
Figure. 4A) Mean Movement Time Symbol (MTS) and B) mean Identification Time (IdT) in seconds 
plotted as a function of age in months for visually impaired and normally sighted children. 
Corresponding Pearson’s r and p-values are depicted 
 
 
 
Figure 5 Success Rate (SR) by vision group (normally sighted, NS; visually impaired, VI) plotted as 
a function of Identification Time (IdT) in seconds. The legend shows Pearson correlations (r) and 
corresponding p-values between IdT and viewing distance for each vision group 
 
Viewing Distance 
Figures 6 shows variation in viewing distance: between children (inter-
individual variation, Figure 6a) and within children between trials (intra-individual 
Processed on: 28-3-2017
509017-L-bw-Schurink
Chapter 6 
124 
 
variation, Figure 6b), for each group. Inter-individual variation was defined as the 
standard deviation of the mean viewing distances of all group members. Intra-
individual variation was defined as the mean of the group members’ standard 
deviations of the viewing distance over all trials for each child. There was no significant 
group difference in mean viewing distance, F(1, 75) = 2.81, p = .098, Cohen’s d = .45. 
The inter-individual variance in viewing distance (see the error-bars in Figure 6a) was 
smaller in the visually impaired group (SD = 2.7 cm) than in the normally sighted group 
(SD = 7.4 cm). The intra-individual variance in viewing distance (see Figure 6b) was 
smaller in the visually impaired group (SD = 0.9 cm) than in the normally sighted group 
(SD = 2.2cm), F(1, 75) = 5.83, p = .018. In the visually impaired group, t(28) = -9.18, p < 
.001, and the normally sighted group, t(46)= -13.22, p < .001, the intra-individual 
variance in viewing distance was smaller than inter-individual variance. 
 
  
Figure 6A) Inter- and B) intra-individual differences in viewing distance for visually impaired and 
normally sighted children. The inter-individual variation is the standard deviation of the mean 
viewing distances of all members of a group. The intra-individual variation is the mean of the 
group members’ standard deviations of the viewing distance over all trials for each child. A) Mean 
viewing distance (column) and standard deviation (error-bars) between all children of the group. 
B) Mean standard deviation over 7 trails (column) and standard deviation (error-bars) of viewing 
distance within children with visually impaired and normally sighted 
 
Figure 7 shows viewing distance in relation to identification time. There was a 
significant and moderate correlation between viewing distance and identification time 
controlled for age in the visually impaired group, r = -.40, p = .033, but not in the 
normally sighted group, r = -.06, p = .670. When visually impaired children chose a larger 
viewing distance they needed less time to identify the symbols. 
 
Hand and Eye Dominance 
Table 2 shows average hand and eye dominance during the magnifier task 
measured with hand and eye dominance tests, respectively. Eye dominance was scored 
per trial for 27 visually impaired children and 45 normally sighted children. Due to 
technical problems with the camera, the data were missing for two visually impaired 
and two normally sighted children. There was no meaningful difference during the eye 
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Figure 7 Identification time (IdT) in seconds by vision group (normally sighted, NS; visually 
impaired, VI) plotted as a function of viewing distance (cm). The legend shows Pearson 
correlations (r) and corresponding p-values between IdT and viewing distance per vision group 
 
Table 2. Mean hand and eye dominance of visually impaired and normally sighted children during 
the magnifier task and dominance tests. 
 Magnifier task  Hand Dominance tests 
 Right 
hand 
Left hand Bimanual  Right hand Left hand 
VI 19 5 5  23 5 
NS 34 5 8  43 4 
 Magnifier task  Eye Dominance tests 
 OD OS   OD OS 
VI 13 14   10 17 
NS 26 19   30 17 
VI, visually impaired children; NS, normally sighted children; OD, right eye; OS, left eye. 
 
dominance tests (M = 100%, SD = 0.0%) and the magnifier task (M = 98.1%, SD = 7.8%) 
in the normally sighted group, Z = -1.08, p = .276. There also was no meaningful 
difference in eye dominance during the eye dominance tests (M = 98.2%, SD = 6.7%) 
and the magnifier task (M = 99.5%, SD = 2.7 %) in the visually impaired group, Z = -1.45, 
p = .655. There was no meaningful difference in hand dominance during the hand 
dominance tests (M = 99.75%, SD = 1.3%) and the magnifier task (M = 97.3%, SD = 6.9%) 
in the visually impaired group, Z = -1.79, p = .074. In the normally sighted group, hand 
dominance was higher in the hand dominance tests (M = 99.9%, SD = 1.0%) than in the 
magnifier task (M = 92.7%, SD = 13.2 %), Z = -3.39, p = .001. Within the groups, there 
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was no significant relation between percentage of hand dominance and movement 
time or success rate. 
 
Discussion 
In this study effectiveness and efficiency of magnifier use in children with 
visually impairment was investigated in an ecologically valid goal-directed 
perceptuomotor task. Both children with visual impairment (mean success rate: 80%) 
and children with normal sight (mean success rate: 84%) could adequately identify the 
symbols with the stand magnifier. Visually impaired children’s perfomance in terms of 
success rate, mean reaction time, and mean movement time of first and second 
movement parts, did not differ from normally sighted children. In contrast to our 
hypothesis, children with visual impairment required less time to identify small symbols 
with a stand magnifier than children with normal vision. The variation in viewing 
distance between trials for each child and between children within each vision group 
was smaller in the visually impaired group than in the normally sighted group. In the 
visually impaired group, a larger viewing distance was associated with a shorter 
identification time which in turn was associated with a higher success rate. 
Thus, visually impaired children were able to perform the task with the stand 
magnifier as adequately and successfully as normally sighted children. To draw a fair 
comparison, we ensured equal difficulty for all children by adjusting the symbol size to 
individual visual acuity, that is, three steps below the individually established threshold 
acuity for each child. 
Nevertheless, one might argue that the stand magnifier is not the most obvious 
choice in young children because of its large magnification and monocular use. In 
normally sighted children (6-14y) and adults, binocular acuity is better than monocular 
acuity (Vedamurthy et al., 2007), a phenomenon called binocular summation (Blake & 
Fox, 1973). Due to the development of visual acuity of the dominant eye, in normal 
development the binocular summation ratio decreases with age (Vedamurthy et al., 
2007). Although there is considerable ambiguity regarding monocular compared to 
binocular viewing in normally sighted children and children with visual impairment in 
this task (Huurneman & Boonstra, 2013; Vedamurthy et al., 2007), children were 
perfectly able to adopt to the stand magnifier with monocular requirements. 
Furthermore, both visually impaired and normally sighted children in the present study 
already had a dominant eye that they used to look through the magnifier and identify 
the symbol. Similar to the reasoning in several previous studies (Boonstra et al., 2012; 
Cox et al., 2009; Reimer et al., 2011), this made the stand magnifier a suitable tool for 
young children with visual impairment for the present task. 
Efficiency of children’s performance with a magnifier was investigated in two 
phases. First, this study investigated the efficiency of children’s movement with the 
magnifier to the target area. We hypothesized that visually impaired children needed 
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more time than normally sighted children in Phase 1, because goal directed movements 
with an cylinder object are less well developed in children with visual impairment than 
in children with normal vision (Liebrand-Schurink et al., 2015; Reimer et al., 2008). This 
hypothesis was not confirmed, because visually impaired children were able to handle 
the stand magnifier according to the task requirements at approximately the same 
speed as normally sighted children did. The minor difference between the groups might 
be explained by the difference in variation in hand use. The normally sighted children 
showed more variation in which hand they used to manipulate the magnifier compared 
to the pre-test of hand dominance. The visually impaired children primarily used their 
preferred hand. A combination of factors (Cox & Smitsman, 2006a, 2006b; Leconte & 
Fagard, 2004; Streri & de Hevia, 2014) influence children’s hand selection, such as 
handedness (Hopkins & Rönnqvist, 1998), object position (Harris & Carlson, 1993; Van 
Hof, Van de Kamp, & Savelsbergh, 2002), and task complexity (Bryden, Pryde, & Roy, 
1999; Leconte & Fagard, 2004). Studies have shown that the preferred hand is used 
more frequently in complex tasks than in simple grasping tasks (Leconte & Fagard, 
2004; Steingrueber, 1975). In the present study, visually impaired children may have 
perceived the complexity of the task as relatively high and may therefore have chosen 
their preferred hand, while the normally sighted children may have perceived the 
complexity of the task as relatively low, and therefore used their preferred hand less 
frequently. However, in the present study post hoc tests evaluating hand dominance 
effects did not reveal any effect. Thus although the manual preference found in this 
complex tasks is in accordance with literature reports (e.g. LeConte & Fagard, 2004), 
this motor control aspect of LVA use clearly needs further investigation in a more 
specific experimental setup.    
Second, this study investigated the efficiency of symbol identification with a 
stand magnifier. Children with visual impairment were even more efficient than 
children with normal vision in identifying small symbols. We expected that visually 
impaired children would require more time to identify small symbols than normally 
sighted children, because they have less experience with small details, but the opposite 
was found. A possible explanation for this result might be found in the strategies that 
were performed for symbol identification. This is discussed below in relation to viewing 
distance and age related changes. 
We can conclude that both visually impaired and normally sighted children 
shorten their viewing distance. Young children are used to accommodate when 
stimulated with tiny details (the eyes adjust fixation from one point in space to 
another). This accommodative response is strong and is performed together with 
convergence (realignment; Bharadwaj & Candy, 2008). At a distance of about 4 cm this 
strong accommodative response is needed. The combination of this response with 
monocular viewing is not easy for a child with good binocular vision. However it is 
possible that young children are used to respond with accommodation and use this 
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reflex for a short distance if needed, for instance for a specific magnifier. Previous 
research has shown that in young children accommodative gain is reduced during 
monocular viewing relative to binocular viewing and reaches adults levels at the age of 
7-10 years (Bharadwaj & Candy, 2008). The typically developing visual system 
compensates for temporarily induced conflicts between blur and disparity stimuli, 
without exhibiting a strong preference for either cue. The accuracy of this 
compensation decreases with an increase in amplitude of cue-conflict (Bharadwaj & 
Candy, 2009). In our study the cue conflict was large due to the magnifier, offering blur 
and aniseikonia (difference in retinal image size between the eyes. The response can 
be a purposeful suppression of one image while accommodating on the other; this 
might be a very difficult binocular task for children. In typically developing children (3.1 
months-12.1 years) induced aniseikonia (by placing a 11% afocal magnifier to the right 
eye) did not significantly influence the gain of accommodation and vergence 
(Bharadwaj & Candy, 2011), but the effect of aniseikonia on visually impaired children 
is still unclear. Magnifier use was compared to enlarged print (Huurneman et al., 2013), 
but in this static task there was no cue conflict between the two eyes because they used 
a large dome magnifier enabling children to look at the symbols binocularly and 
perception of the surroundings was not relevant. Quantitative and qualitative 
performance of magnifier use has been assessed in visually impaired children in a 
dynamical trail-following task (Cox et al., 2009). In relation to this task, viewing behavior 
was assessed (Boonstra et al., 2012). The viewing distance on near vision acuity 
assessment was measured before and after the training. After the training the children 
significantly reduced their viewing distance from 9.5 cm to 7.9 cm on the LH near vision 
test single, and the reduced their viewing distance from 10.0 cm to 7.6 cm on the LH 
near vision line. However, the children in the control group, that performed the trail-
following task without a magnifier, demonstrated the same reduction of viewing 
distance. The authors argue that  reduction of the viewing distance during the near 
visual acuity assessment is probably a “spin-off” of the intensive visual attention applied 
during the trail-following game. 
In our study, the variation in viewing distance over trials between children and 
within children was smaller for the visually impaired group than for the normally 
sighted group. In the visually impaired group a larger viewing distance was associated 
with faster identification, and faster identification was associated with better 
performance (i.e., more correct answers). This a rigid strategy with less variation that 
resulted in efficient magnifier use. In this specific task, this strategy is efficient because 
at a short distance children can use the same accommodative level during identification 
at a short distance. 
Normally sighted children identified the symbols more slowly than visually 
impaired children did. In this respect, the larger variation in viewing distance between 
children (inter-individual variance) and between trials within a child (intra-individual 
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variance) in the normally sighted group indicates that different strategies for identifying 
symbols were explored. Normally sighted children might make better use of a variation 
in their natural accommodation range but also to shorten their viewing distance. This 
strategy leads to an alternation of distance to the magnifier from trial to trial in normally 
sighted children. Although not investigated in this study, such an explorative strategy 
may indicate a learning process (Braun, Aertsen, Wolpert, & Mehring, 2009) which may 
have lead (temporarily) to slower identification in this task. In the long term, however, 
this exploration and the associated motor learning might be highly beneficial, resulting 
in more adaptive and flexible viewing behavior in normally sighted children. This 
learning curve hypothesis is supported by the finding that in normally sighted children, 
but not in visually impaired children, faster identification was associated with increasing 
age. 
This study demonstrated that the stand magnifier is a suitable tool for young 
visually impaired children in an ecologically valid task. The findings suggest that visually 
impaired children choose a standard but less adaptive strategy in which they primarily 
used their preferred hand to manipulate the magnifier and their preferred eye to 
identify the symbol. How this might influence the development of their viewing 
behavior is an issue that deserves further investigation. 
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General Discussion 
This chapter summarizes the main findings of this thesis. First, the findings will 
be discussed in relation to the theoretical framework introduced in Chapters 1 and 2. 
Second, implications for clinical practice and future research are presented. 
 
The Child-LVA-Task system 
LVA use is more complex than often considered in clinical practice and in the 
literature. The introduction of an LVA offers opportunities for children by revealing 
aspects of their environment (e.g., making details visible) which remain hidden without 
the LVA, but also present challenges by introducing device-handling aspects that were 
previously absent. The gap in our understanding of LVA use in children with visual 
impairment has led to an impasse in fundamental and applied progress in this field. To 
overcome this impasse and to guide future research, a conceptual framework was 
introduced (Chapter 2). The framework defines LVA use as an interrelated system of 
child, LVA, and task. This system contains the three relations that constrain children’s 
performance in a task with LVA by means of goal-related information, control-related 
information, and topology (LVA-task match). The main lesson from this framework is to 
focus not only on each parts separately (child, LVA, task), but also on their 
interrelations. Basically, using an LVA changes the way children will (or need to) perform 
the task in nontrivial ways, by introducing several (new) coordination and control 
problems (e.g., the page navigation problem and the child-to-LVA and LVA-to-surface 
distance). 
These aspects of coordination and control are related to the specific relations 
that arise between task and LVA (enlarging some parts, occluding others, etc.) and 
between child and LVA (holding it, moving it, etc.). A child’s performance is shaped by 
the optical and physical characteristics of the LVA, the abilities of the child, and the 
requirements of the task, and by how these three come together and influence each 
other. First, the child’s performance depends on the fit (Child-Task subsystem) between 
the child’s abilities and behavior such as visual acuity, exploratory and goal-directed 
movements, and viewing behavior, as well as task properties and requirements such as 
symbol size and accuracy demands, that is constrained by goal-related information. 
Second, the child’s performance depends on the fit (Child-LVA subsystem) between the 
child’s abilities and behavior and LVA properties such as size, shape, window size, and 
magniﬁcation factor, which is constrained by control-related information. Third, 
performance depends on the fit between the LVA and task (LVA-Task subsystem), such 
as the fit between the LVA’s magniﬁcation factor and the symbol size requirements. 
In this thesis, the child-LVA-task system was analyzed by manipulating the 
properties of the LVA, child, and task. First, the relations between child, LVA, and task 
were studied in relation to goal-directed movements made with magnifier-like objects 
in a Fitts task. Performance and performance efficiency of children with visual 
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impairment were compared to children with normal sight, and age differences were 
analyzed. The influence of vision was investigated by manipulating target visibility. The 
performance with a stand-magnifier like object was compared to that with a dome-
magnifier like object. Second, the child-LVA-task-system was examined in an 
ecologically valid perceptuomotor task. 
 
CHILD 
Goal-directed Movements in Children with Visual Impairment 
The framework claims that adequate use of an LVA is influenced by the fit 
between the LVA and the user. To test this hypothesis, goal-directed movements were 
compared between children with visual impairment and children with normal sight. The 
children made accurate and fast aiming movements with an object between a start and 
end target, as in a Fitts paradigm. As expected, the performance of children with visual 
impairment differed from normally sighted peers. Children with visual impairment 
diagnosed with Infantile Nystagmus Syndrome (INS), aged 4 to 8 years, performed the 
cylinder displacements more slowly and less accurately (especially in small-amplitude 
movements) than normally sighted peers (Chapter 3). Children with visual impairment 
with various diagnoses in the same age-range performed slower but not less accurate 
movements than children with normal sight (Chapter 4). Given the trade-off between 
speed and accuracy (Fitts, 1954), children with visual impairment appeared to have 
adopted a strategy in which accuracy was achieved by slowing down their movements. 
These findings are in line with previous research (Reimer et al., 2008). For children with 
visual impairment, reaching, grasping, and manipulating an LVA was expected to be 
challenging because of their generally poorer motor performance than children with 
normal sight (Bouchard & Tetreault, 2000; Brambring, 2001; Celeste, 2002; Haibach et 
al., 2014; Houwen et al., 2008; Reimer et al., 2008, 2015, 2016; Reynell, 1978). 
 
Efficiency of Goal-directed Movements 
New to the field of visual impairment research is the investigation of the 
efficiency of goal-directed movements which provides insight into the sensorimotor 
control deficiencies in children with visual impairment. The efficiency of cyclical goal-
directed movements describes the kinetic energy that is being recycled during back-
and-forth movements. To elaborate, in rhythmical aiming movements, under low-
precision constraints a moving arm acts as a linear oscillator displaying simple harmonic 
motion (Bootsma et al., 2004. Kinetic energy built up during one movement is stored as 
potential (elastic) energy in the tendons and muscles, and released at the reversal 
point, that is, the start of the next movement. In this way, only little kinetic energy is 
lost (Guiard, 1993; Meulenbroek, Vinter, & Desbiez, 1998). In cyclical movements 
relatively modicum energy is lost toward the end of the movement (Bootsma et al., 
2004; Guiard, 1993; Mottet & Bootsma, 1999; Wijnants et al., 2012). In discrete 
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movements, efficiency is determined by the potential energy that is built up during 
acceleration that is dissipated during deceleration and coming to a standstill (Bootsma 
et al., 2004). The efficiency of sensorimotor control was measured with the harmonicity 
index (Mottet & Bootsma, 1999; Wijnants et al., 2012), in which a more harmonic 
motion corresponds to a more (energetically) efficient motor performance. 
The results of this thesis indicated children with visual impairment (Chapter 3 
and 5) made less harmonic movements than children with normal vision. The 
interpretation of the results regarding harmonicity is that children with visual 
impairment performing aiming movements in a Fitts task seem to experience a task 
difficulty that is “subjectively” higher than for children with normal sight under the 
same task constraints. Under high-precision constraints, it is likely that high levels of co-
contraction occur to arrive precisely and with low speed within the designated target 
area. Such conditions have a negative effect on the harmonicity of the movement and 
the dissipation of kinetic energy (Liebrand-Schurink et al., 2015). Less harmonic 
movements might be interpreted as reﬂecting less optimal sensorimotor coordination 
or co-contraction regulation, which is accompanied by more dissipation of energy in 
each stroke. 
For children with visual impairment, the less harmonic movements reﬂected 
their suboptimal motor efficiency, which was inferior compared to children with normal 
vision. From a perception-action perspective, motor control emerges from the ongoing 
interaction between child and environment (Bertenthal, 1998; Gibson & Pick, 2000; 
Smitsman & Corbetta, 2010; Thelen & Smith, 1994; Von Hofsten, 2003, 2004) based on 
associations between perception and action subsystems that already are established in 
newborns (Von Hofsten, 1982, 2004). With development, action and perception 
subsystems become more integrated, leading to more effective and efficient motor 
behavior. In other words, the poorer goal-directed hand movements of children with 
visual impairment may result from inefﬁcient perception-action couplings and/or co-
contraction strategies because the satisfaction of multiple constraints underlying task 
performance (i.e., fast as well as accurate aiming) is more difficult (Wijnants et al., 
2012). In that case, the less harmonic movements reflect less optimal sensorimotor 
coordination or co-contraction regulation, which is accompanied by more dissipation 
of energy in each stroke. Children with visual impairment showed higher peak over 
mean velocity (POMV) than children with normal vision (Chapter 5) indicating that more 
corrective submovements were made and that they were less efficient (Smits-
Engelsman et al., 2002; Ziviani, 1983). Thus, the less harmonic movements with more 
corrective submovements of children with visual impairment reflected their less 
optimal movement efficiency. 
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Influence of Vision 
Insight into the direct and indirect influence of vision on goal-directed aiming 
was obtained by analyzing visual acuity and manipulating target visibility effects on the 
motor efficiency parameters. This was investigated in children with visual impairment 
who performed horizontally-oriented, goal-directed cylinder displacements in a Fitts 
paradigm. Manipulation of vision was established with a design that included the first 
10 movements of 20 back-and-forth displacements in a trial to be performed between 
two visually presented target areas, and the second 10 between remembered target 
locations (not visible). The degree of visual impairment in the INS group was related to 
movement speed and accuracy: a lower visual acuity was associated with a slower and 
less accurate performance. The rationale here is that poorer visual acuity provides less 
optimal feedback that directly affects the ability to guide the movement and homing-
in on the target. However, the degree of visual impairment was not related to 
harmonicity (except for the 10 cm condition with visible targets, in which a better visual 
acuity was associated with a higher harmonicity). Furthermore, as expected, invisible 
targets caused slower and less accurate movements in children with INS and in children 
with normal vision alike. 
Interestingly, performance of children with INS was even less accurate than 
that of children with normal vision when targets were invisible in the 10 cm condition. 
The relatively inefficient movements of INS children compared to normally sighted 
children points to a continuous problem in integrating action and perception. These 
inefficient movements were not related to their degree of visual impairment. 
Furthermore, these problems remained or were even exacerbated when visual 
information was reduced (invisible targets). The poorer performance of children with 
INS was not caused by poorer vision directly, because the influence of vision was 
excluded in this condition, but seemed the result of inefficient coupling between 
perception and action. We postulate that these motor control problems are the result 
of inefficient perception-action integration earlier in life, suggesting a developmental 
problem. This is in line with the conclusions from the findings regarding efficiency in 
children with INS, in which less harmonic movements reflected less optimal 
sensorimotor coordination or co-contraction regulation. As with normal development 
the different action and perception subsystems become more integrated, the poorer 
goal-directed hand movements in children with visual impairment may result from 
inefﬁcient perception-action couplings or co-contraction strategies probably because 
the satisfaction of multiple constraints underlying task performance (i.e., fast as well as 
accurate aiming) is more difficult (Wijnants et al., 2012). 
 
Age-related Changes in Motor Control 
Age-related changes in the performance of children with visual impairment in 
the task presented in this thesis provide insight in their motor development. In both 
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children with normal sight and children with visual impairment with INS, the 
movements of older children were more accurate, faster, and more harmonic than 
those of younger children (Chapter 3). Furthermore, the 6-to-8 year-old children with 
visual impairment and children with normal sight performed faster goal-directed 
movements than the 4-to-5 year-olds. The 5-to-8 year-old children with visual 
impairment and children with normal sight were more accurate in placing the object on 
the target than the 4-year olds (Chapter 4). Harmonicity of movements increased with 
age in children with visual impairment (Chapter 5). 
One might hypothesize that improvement of goal-directed behavior resulted 
from better visual acuity for the older children, because in line with previous research 
(Rydberg et al., 1999; Weiss & Kelly, 2007b) we found that visual acuity also improved 
with age in children with visual impairment and normal vision (Chapter 3). However, 
there were two arguments against this hypothesis. First, in the correlational analyses, 
we controlled for visual acuity. Second, age effects in children with INS and normal 
vision also were present when the influence of vision was excluded (invisible targets), 
which means that poorer performance in the INS group was not caused (solely) by 
poorer vision. Thus, the delay in performance of aiming movements of children with 
visual impairment does not recover with age to the same level as in children with 
normal sight at the age of eight. This finding has important clinical implications. For 
rehabilitation purposes, it is important to apply interventions at a young age. A properly 
developed efficiency of goal-directed hand movements is essential for handling objects 
(e.g., computer mouse or pen), visual aids, and other (ﬁne) hand and arm activities. 
 
LVA 
Stand and Dome Magnifier 
Adequate use of an LVA is partly determined by the fit between the optical and 
physical characteristics of the LVA (e.g., size and shape, window size, and magniﬁcation 
factor) and the child. This thesis examined the controllability of the stand and dome 
magnifier. Both magnifiers are hand-controlled and frequently prescribed in child low 
vision rehabilitation. The stand magnifier is cylinder-shaped (diameter 56 mm; height 
49 mm; Fig 1A, Chapter 4) and offers high magnification (6X). The dome magnifier is 
shaped as a ring with a dome (diameter 47 mm; height of grasping area 9mm; Fig 1B, 
Chapter 4) and offers lower magnification (1.8X). The stand magnifier can only be used 
by looking monocularly from directly above with restricted distance, while the dome 
magnifier can be used by looking through it from an angle, albeit restricted, and 
binocularly. In normally sighted children (6-14y) and adults, binocular acuity is better 
than monocular acuity (Vedamurthy et al., 2007), a phenomenon called binocular 
summation (Blake & Fox, 1973). Due to the development of visual acuity of the 
dominant eye, in normal development the binocular summation ratio decreases with 
age (Vedamurthy et al., 2007). There is considerable ambiguity regarding monocular 
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compared to binocular viewing in normally sighted children and children with visual 
impairment (Huurneman & Boonstra, 2013; Vedamurthy et al., 2007). In this thesis, I 
hypothesized that children with visual impairment were able to use the stand magnifier 
adequately, because young children with visual impairment (from the age of three) 
could adapt to the stand magnifier with monocular requirements in the trail-following 
task during 6 weeks of training (Cox et al., 2009; Cox et al., 2007). Therefore, viewing 
behavior of children with visual impairment was investigated. 
 
Viewing Behavior 
Viewing behavior, operationalized here mainly by angle and distance between 
eye and magnifier, plays a role in actual magnifier use. These aspects were investigated 
in relation to the stand magnifier in the perceptuomotor task (Chapter 6). The stand 
magnifier was chosen because it offers high magnification and has been recommended 
for children earlier (Boonstra, Cox, et al., 2012; Cox et al., 2009; Reimer et al., 2011). 
We concluded that children were perfectly able to adapt to the stand magnifier with 
monocular requirements. Furthermore, both children with visual impairment and 
children with normal sight in this study already had a dominant eye which they used to 
look through the magnifier and identify the symbol. Similar to the reasoning in previous 
studies (Boonstra, Cox, et al., 2012; Cox et al., 2009; Reimer et al., 2011), this made the 
stand magnifier a suitable tool for young children with visual impairment for the task at 
hand. 
The results of Chapter 6 indicated that children with visual impairment can use 
the stand magnifier adequately and efficiently in an ecologically valid goal-directed 
perceptuomotor task. In contrast to the hypothesis, children with visual impairment 
required less time to identify small symbols than children with normal vision. The 
children with normal sight showed an age-related change in movement time and 
identification time and showed more variability in viewing distance, which was not 
found in children with visual impairment. The variation in viewing distance between 
trials for each child (intra-individual) and between children within each vision group 
(inter-individual) was smaller in the visually impaired group than in the normally sighted 
group. In the visually impaired group, a larger viewing distance was associated with a 
shorter identification time which in turn was associated with a higher success rate. 
Children with visual impairment applied a fixed (more rigid) but less adaptive viewing 
behavior, in which they also primarily used their preferred hand to manipulate the 
magnifier and their preferred eye to identify the symbol. 
 
Controllability 
Relevant for low-vision rehabilitation are the differences in performance and 
efficiency of goal-directed movements between the cylinder-shaped and dome-shaped 
object. The children performed goal-directed movements with two objects that 
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resembled the two magnifiers in size and shape, but did not provide magnification of 
any kind, in a Fitts paradigm. Both visually impaired and children with normal sight 
performed faster and more accurately (in movements with a 20 cm amplitude) with the 
dome-shaped object than with the cylinder-shaped object (Chapter 4). Furthermore, 
both groups showed more symmetric velocity patterns (i.e., reached maximum velocity 
earlier) with the dome-like object than with the stand-like object, which suggests that 
children experience this as a less difficult task than with a stand-like object (Chapter 5). 
Nevertheless, children demonstrated more harmonic (higher harmonicity and smaller 
POMV) motion with the stand-like object than with the dome-like object (Chapter 5). 
From the point of view of controllability, both the stand and dome magnifier 
have advantages. On the one hand, the dome-shaped object is smaller than the 
cylinder-shaped object and therefore more suitable for the small hands of children, 
which might explain the better performance for the dome-shaped object. On the other 
hand, the cylinder-shaped object can be manipulated and controlled with the entire 
hand, while the dome magnifier can only be manipulated by holding the ring at the 
bottom between two or three fingers. To manipulate the dome-like object the tripod 
grip (e.g., as used in handwriting) appears suitable. In general, children between the 
ages of 4 and 6 years develop dynamic tripod grips and refine their grip between the 
ages of 7 and 14 years (Rosenbloom & Horton, 1971; Schneck, 1990; Schneck & 
Henderson, 1990; Ziviani, 1983). The children in this thesis were 4-to-8 years old, so 
their tripod grip still needed refinement, which might explain their better scores (POMV 
and RSq) for the stand-like object. 
A study of object properties in order to investigate the role of Child-LVA fit on 
goal-directed movements in children with visual impairment is new. In previous studies 
children either performed such movements with their finger (Hay, 1981), a pen (Smits-
Engelsman et al., 2004; Smits-Engelsman et al., 2006; Smits-Engelsman et al., 2002; 
Smits-Engelsman et al., 2003; Sugden, 1980), or a puppet (Reimer et al., 2008a). 
Regarding controllability of goal-directed movements in Fitts tasks, the performance of 
children with visual impairment was poorer than that of children with normal sight 
(Chapter 4 and 5). When the children with visual impairment performed goal-directed 
movements as part of the perceptuomotor task, their accuracy and movement time did 
not differ from children with normal sight (Chapter 6). 
 
Limitations 
In this thesis children’s performance with the stand magnifier and dome 
magnifier was studied. One might argue that these are not the most obvious choices 
for children, because of the stand magnifier’s monocular restrictions and the dome 
magnifier’s small handling surface. Furthermore, it is argued that today newer tools, 
such as digital magnifiers, are more appropriate for children with visual impairment. 
After all, young children already use devices such as tablets and smart phones. Four 
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arguments are presented in favor of the magnifier choice of the current thesis. 
First, the current findings contribute to the evidence that children with visual 
impairment are able to use a stand and dome magnifier adequately. Although they 
performed faster and more accurate goal-directed movements with the dome than the 
stand object, the findings of Chapter 6 indicated that children with visual impairment 
can efficiently and effectively use a stand magnifier. Second, there is a hiatus in the 
literature regarding the understanding of LVA use in children with visual impairment. 
Therefore, research should include basic magnifiers before investigating more complex 
digital magnifiers. Third, one might argue that digital magnifiers are easier to use, but 
they pose similar challenges as optical magnifiers do. For example, when children use 
digital magnifiers they also are challenged with the page navigation problem and the 
relation between window size and magnification. Furthermore, digital magnifiers 
require (fine) motor skills as well, as do smart phones, tablets, and computers. Fourth, 
the stand and dome magnifier are small, simple, inexpensive, robust magnifiers that do 
not require batteries or charging and therefore are easy to carry and use. They are ideal 
for everyday encounters with small objects, such as an interesting bug in the garden 
which captures the child’s attention, or essential information in small print, such as the 
label of a product in the supermarket, the menu in a restaurant, or the subway map in 
a foreign city. 
 
Implications for Clinical Practice 
Children can benefit from the introduction of an LVA at an early age. I advocate 
for initiating aids when children are 4 years old. The current thesis provided evidence 
for adequate use at this age. Furthermore, a main finding was that children with visual 
impairment demonstrated motor control problems that resulted from inefficient 
perception-action integration earlier in life, suggesting a developmental problem. 
Although this is outside the (empirical) focus of the present thesis, I believe that one of 
the possible causes of inefﬁciency of the perception–action system is that children with 
visual impairment receive less stimulation to interact with their environment, because 
it appears as less visually detailed and appealing and, as a result, provides fewer 
opportunities for action. 
For example, children with visual impairment do not easily detect small objects 
and details on surfaces in their environment and therefore are not challenged as much 
to interact with them, or at least to a far lesser extent and less proficiently than children 
with normal vision. This, in turn, leads to less detailed visual inspection, less refined 
object manipulation, insufficient practice of ﬁne-motor skills, and so on. In other words, 
they experience a substantial lack of valuable sensory-motor experiences. As a result, 
perception and action subsystems are, arguably, less integrated and attuned to each 
other, resulting in less differentiated, effective, and adaptive goal-directed behavior. 
The key insight this thesis offers for clinical practice is that we should not treat this as a 
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problem of poor vision alone, but also focus on the interaction between perception and 
action, for diagnostic purposes as well as in intervention. 
For rehabilitation purposes it is important to instigate interventions at a young 
age, because properly developed efficiency of goal-directed hand movements is 
essential for the development of (fine) motor skills and for handling objects (e.g., 
computer mouse, smart phone) and visual aids. An example of an appropriate 
intervention is the magnifier training (Boonstra, Cox, et al., 2012; Cox et al., 2009b; 
Reimer et al., 2011). This training consist of 12 sessions over six weeks in which 4- and 
5-year-old children with visual impairment use the stand magnifier to follow a trail. Not 
only did the training positively affect the quantitative and qualitative performance of 
visual impaired children (Cox et al., 2009), but also showed an age-related progress of 
fine-motor skills of children with visually impairment, irrespective of magnifier 
condition (Reimer et al., 2011). 
 
Future Research 
Children with visual impairment and children with normal sight seem to use 
different strategies for identifying symbols with a stand magnifier. Children with normal 
sight show more variation in their natural accommodation range and vary their viewing 
distance, which leads to an alternation of distance to the magnifier from trial to trial. 
Children with visual impairment seemed to choose a fixed/static but less adaptive 
strategy in which they primarily used their preferred hand to manipulate the magnifier 
and their preferred eye to identify the symbol. The more explorative strategy used by 
children with normal sight might indicate a learning process (Braun, Aertsen, Wolpert, 
& Mehring, 2009) which may explain the slower identification in this task. This 
exploration and associated motor learning might be highly beneficial, resulting in more 
adaptive and flexible viewing behavior in children with normal sight in the long term. 
This learning curve hypothesis is supported by the finding that in children with normal 
sight, but not in children with visual impairment, faster identification was associated 
with increasing age. How this might influence the development of their viewing 
behavior is an issue that deserves further research. Further research should also 
address the association between variation in strategies in motor and viewing behavior, 
and the development of motor skills, viewing behavior and near vision in children with 
visual impairment and in children with normal vision. 
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Summary 
 
Children with visual impairment can benefit from a low vision aid (LVA), such 
as a magnifier. An LVA often supports children in their activities at school and at home. 
The introduction chapter of this thesis (Chapter 1) described how a task changes 
significantly when it is performed with a low vision aid. While performing the task, 
children will plan and control their arm movements, while simultaneously coordinating 
their head and eyes in the correct position to achieve a sharp and stable image. Children 
do this based on information about the task (e.g., the text in a book) and the 
environment (e.g., the position of the letter on a page). In order to use a low vision aid, 
children need perceptual, cognitive, and motor skills that are often not described in the 
literature. 
Chapter 2 introduced a model that describes the use of visual aids from an 
action perspective (focusing on the relationship between action and perception). This 
model is based on knowledge of adults’ use of low vision aids and of children’s tool use. 
The model describes the performance of a child in a task with a low vision aid in terms 
of three reciprocal and dynamic relationship between LVA, child, and task. In chapters 
3, 4 and 5 various aspects of the LVA-child-task system were manipulated. In these 
studies, goal-directed movements were analyzed with a Fitts' task. 
In Chapter 3, the speed, accuracy and efficiency of goal-directed movements 
were studied in a group of visually impaired children with Infantile Nystagmus 
Syndrome (INS) and children with normal vision. Children with INS were less accurate, 
and made slower and less efficient movements than sighted children. The performance 
of both groups (children with INS and children with normal vision) improved with 
increasing age. The influence of vision was manipulated by the invisible targets. We 
expected that with their limited visual information, children with nystagmus would rely 
more on other senses. However, with the invisible targets children with INS were even 
less accurate than children with normal vision. Therefore, I argue that the poorer 
performance of children with INS was not caused by low vision (in the task, the 
influence of vision was limited because of the targets were invisible), but as the result 
of an inefficient coupling between perception and action. 
Chapter 4 focused on the influence of the shape and size of the magnifier on 
children’s performance of goal-directed movements. Performance was examined with 
two objects with the shape and size of two magnifiers that are often prescribed to 
children with visual impairment: a stand and a dome magnifier. Visually impaired 
children made slower movements than children with normal vision. Children in both 
groups made faster and more accurate movements with the dome magnifier object 
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than with the standing magnifier object. The results showed that young visually 
impaired children can better control the dome magnifier than the stand magnifier in a 
Fitts’ task. 
The development of the efficiency of goal-directed movements was 
investigated in Chapter 5. Three measures of motor efficiency were used. The results 
provided new insights into goal-directed movements in children with visual 
impairment. The movements of children with visual impairment were less efficient than 
those of children with normal vision. Surprisingly, the age-related improvement in 
efficiency was similar in both groups. 
Chapter 6 focused on children’s efficiency and effectiveness during the 
performance on an authentic perceptuomotor magnifier task. The task included a 
motor aspect (moving a magnifier as quickly as possible to a small symbol that could 
not be seen with bare eyes) and a visual aspect (identification of the small symbol with 
a magnifier). Performance of visually impaired and normally sighted children was 
measured in terms of accuracy (correct identification of the symbol), speed (reaction 
time and movement time), and viewing behavior (viewing distance, hand dominance, 
and eye dominance). There were no significant differences between visually impaired 
and normally sighted children in accuracy and speed of the goal-directed arm 
movement. In contrast to the hypothesis, children with visual impairments needed less 
time to identify the small symbol than children with normal vision. The variability in 
viewing distance between and within children in the normal vision group was larger 
than in visually impaired group. The findings indicated that children with visual 
impairment can use the magnifier appropriately and efficiently. Children with normal 
vision showed an age-related development in movement time and reaction time and 
more variability in viewing distance, which was not found in children with a visual 
impairment. Visually impaired children seemed to choose a less adaptive strategy in 
which they shortened the viewing distance and used their dominant hand to move the 
magnifier and identify the symbol with the dominant eye. 
In the general discussion (Chapter 7) the main findings of this thesis were 
summarized are related to the theoretical model. Implications for practice and future 
research were described. I indicated to support initiating low vision aids when children 
are 4 years old, based on the results that children can adequately use a magnifier at this 
age. Furthermore, the interaction between perception and action is essential for clinical 
practice (diagnostic and intervention purposes). 
Regarding the identification of symbols with a magnifier, children with visual 
impairment choose a fixed and static but less adaptive strategy in which they primarily 
used their preferred hand to manipulate the magnifier and their preferred eye to 
identify the symbol. The more explorative strategy used by children with normal sight 
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might indicate a learning process, which may explain their slower identification in this 
task. This exploration and associated motor learning might be highly beneficial, 
resulting in more adaptive and flexible viewing behavior in children with normal sight 
in the long term. Further research should address the association between variation in 
strategies in motor and viewing behavior, and the development of motor skills, viewing 
behavior and near vision in children with visual impairment and in children with normal 
vision. 
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Samenvatting 
 
Een kind met een visuele beperking kan profiteren van een hulpmiddel, zoals 
een loep, om details beter waar te nemen. In de praktijk zien we vaak dat het 
hulpmiddel kinderen helpt in activiteiten op school en thuis, zodat ook de 
zelfstandigheid verbetert. In de inleiding (hoofdstuk 1) werd beschreven hoe een taak 
wezenlijk verandert als deze wordt uitgevoerd met een hulpmiddel. Tijdens het 
uitvoeren van de taak zullen kinderen armbewegingen met de loep plannen en 
controleren, terwijl zij tegelijkertijd hun hoofd en ogen coördineren zodat deze zich op 
de juiste afstand bevinden. Dit doen kinderen op basis van informatie over de taak 
(bijvoorbeeld de tekst in een boek) en de omgeving (bijvoorbeeld de plaats van een 
letter op een pagina). Het hulpmiddel vergt bij kinderen perceptuele, cognitieve en 
motorische vaardigheden, die vaak niet worden beschreven in de literatuur. 
In hoofdstuk 2 werd een model geïntroduceerd dat vanuit een actie 
perspectief (waarbij de nadruk ligt op de relatie tussen beweging en perceptie) het 
gebruik van visuele hulpmiddelen bij kinderen beschrijft. Dit model is gebaseerd op de 
kennis die er is over het gebruik van visuele hulpmiddelen bij volwassenen met een 
visuele beperking en het gebruik van hulpmiddelen bij kinderen. Het model beschrijft 
dat de prestaties van kinderen op een specifieke taak met een hulpmiddel wordt 
bepaald door drie wederkerige en dynamische relaties tussen hulpmiddel, kind en taak. 
In de hoofdstukken 3, 4 en 5 zijn verschillende aspecten van het hulpmiddel-kind-taak 
systeem gemanipuleerd. In deze studies zijn doelgerichte bewegingen in een Fitts’ taak 
onderzocht. 
In hoofdstuk 3 zijn de snelheid, accuraatheid en efficiëntie van doelgerichte 
bewegingen onderzocht in een groep slechtziende kinderen met nystagmus (Infantile 
Nystagmus Syndrome; INS) en kinderen met normaal zicht. Kinderen met INS maakten 
minder nauwkeurige, langzamere en mindere efficiënte bewegingen dan goedziende 
kinderen. De prestaties van beide groepen (kinderen met INS en kinderen met normale 
visus) werden beter naarmate de kinderen ouder werden. De invloed van visus werd 
gemanipuleerd door het onzichtbaar maken van doelen. Men zou verwachten dat 
kinderen met nystagmus gezien hun beperkte visuele informatie meer vertrouwen op 
de andere zintuigen. Echter, bij de onzichtbare doelen waren de prestaties van kinderen 
met INS nog minder nauwkeurig dan die van kinderen met normaal zicht. De slechtere 
prestaties van kinderen met INS werden dus niet veroorzaakt door de slechtere visus 
(in de taak werd de invloed van de visus immers beperkt door het onzichtbaar maken 
van de doelen) maar als gevolg van een inefficiënte koppeling tussen waarneming en 
beweging. 
Processed on: 28-3-2017
509017-L-bw-Schurink
Appendix 
158 
 
In hoofdstuk 4 lag de focus op de invloed van de vorm en grootte van de loep 
op het maken van doelgerichte bewegingen. Daarbij zijn prestaties onderzocht van 
kinderen met twee objecten die qua vorm en grootte op twee loepen lijken die vaak bij 
kinderen worden voorgeschreven, namelijk de staande loep en koepelvormige loep. De 
slechtziende kinderen maakten langzamere bewegingen dan de kinderen met een 
normale visus. Beide groepen maakten snellere en nauwkeurigere bewegingen met het 
koepel-loep object dan met het staande-loep object. Uit de resultaten blijkt dat jonge 
slechtziende kinderen de koepelvormige loep beter kunnen controleren dan de staande 
loep. 
De ontwikkeling van de efficiëntie van doelgerichte bewegingen is onderzocht 
in hoofdstuk 5. Daarvoor zijn drie efficiëntie maten gebruikt. De resultaten gaven 
nieuwe inzichten in objectverplaatsing bij kinderen. De bewegingen van de kinderen 
met een visuele beperking waren minder efficiënt dan die van kinderen met een 
normale visus. Een opvallend resultaat was dat de leeftijdsgebonden verbetering van 
de efficiëntie vergelijkbaar was in beide groepen. 
In hoofdstuk 6 lag de nadruk op de efficiëntie en effectiviteit tijdens de 
uitvoering van een authentieke loep taak, waarin zowel de motorische bewegingen als 
het kijkgedrag werden geanalyseerd. De taak bevatte een motorisch aspect (zo snel 
mogelijk met een loep naar een symbooltje bewegen dat met het blote oog niet te zien 
was) en een visueel aspect (het kleine symbooltje zo snel mogelijk identificeren met 
behulp van de loep). De prestatie van de slechtziende en goedziende kinderen werd 
gemeten in termen van accuraatheid (correcte identificatie van het symbool), snelheid 
(identificatietijd en bewegingstijd) en kijkgedrag (kijkafstand en hand- en oogvoorkeur). 
Er waren geen significante verschillen tussen slechtziende en goedziende kinderen met 
betrekking tot accuraatheid en snelheid van de armbeweging met de loep. In 
tegenstelling tot de hypothese hadden kinderen met een visuele beperking gemiddeld 
minder tijd nodig om het kleine symbooltje te identificeren dan kinderen met een 
normale visus. De variabiliteit in kijkafstand tussen en binnen proefpersonen was in de 
goedziende groep groter dan in de slechtziende groep. De bevindingen wijzen erop dat 
kinderen met een visuele beperking de staande loep adequaat en efficiënt te kunnen 
gebruiken. De kinderen met een normale visus vertoonden een leeftijd-gerelateerde 
ontwikkeling in bewegingstijd en identificatietijd en lieten meer variabiliteit in 
kijkafstand zien, die niet gevonden werd in kinderen met een visuele beperking. De 
slechtziende kinderen leken een minder adaptieve strategie te kiezen waarbij ze de 
kijkafstand verkortten en hun voorkeurshand gebruikten om de loep te bewegen en 
met het voorkeursoog het symbool te identificeren. 
In de discussie (hoofdstuk 7) werden de belangrijkste bevindingen van het 
proefschrift samengevat. De resultaten werden gerelateerd aan het theoretische 
model. De gevolgen voor de praktijk en vervolgonderzoek werden beschreven. Ik 
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onderschrijf het initiëren van hulpmiddelen bij slechtziende kinderen wanneer zij 4 jaar 
oud zijn, omdat uit de resultaten bleek dat kinderen op die leeftijd de staande loep 
adequaat en efficiënt kunnen gebruiken. Voor de klinische praktijk (diagnostische en 
interventie doeleinden) is de interactie tussen perceptie en actie van essentieel belang. 
Met betrekking tot de identificatie van de symbolen met een loep kiezen 
slechtziende kinderen voor een minder adaptieve strategie, waarbij zij voornamelijk de 
voorkeurshand gebruiken om de loep te bewegen en het voorkeursoog om het symbool 
te identificeren. De meer exploratieve strategie die goedziende kinderen gebruikten 
duidt waarschijnlijk op een leerproces, die de langzamere identificatie in deze taak kan 
verklaren. Toekomstig onderzoek zal aandacht moeten besteden aan de relatie tussen 
de variatie in de strategieën in motorisch- en kijkgedrag en de ontwikkeling van 
motorische vaardigheden, het kijkgedrag en nabijvisus bij slechtziende en goedziende 
kinderen. 
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